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ABSTRACT
STIMULATION OP In v itr o  TRANSCRIPTION 




Stim ulation o f  Escherichia c o l l  DNA-dependent RNA polymerase 
a c t iv i ty  by monovalent, d iv a len t, and polyvalent cations and the compara­
t iv e  Influence o f  KC1 and spermidine on certa in  aspects o f  the termina­
tion  event has been In vestigated .
The cations referred  to  in  th is  study can be conveniently divided  
in to  c la sse s  w ith respect to  th e ir  in flu en ce on in  v itr o  tran scrip tion . 
Class 1 i s  composed o f  s a lt s  o f  monovalent cations as represented by 
KC1. KC1 stim ulates tran scrip tion  o f T4 DNA a t concentrations above 
0 .1  M w ith an optimum 7 to  8 fo ld  stim ulation  observed a t concentrations o f  
0.30 M to  0.31 M. Class 2 i s  composed o f  d iva len t cations represented by 
Mg**, putrescine {H ^-CCH ^-NH ^, and cadaverine [H^-CCH^^-NH^. These 
cations e f f e c t  a 6 to  12 fo ld  stim ulation  o f  RNA syn th esis a t concentra­
tion s ranging from 50 to  100 mM. Class 3 i s  represented by the polyamines 
spermine I^N-CCH^-NH-Cffl^-NH-CCH^^] and spermidine [Byj-C CH ^- 
NH-CCH^^-Niy which stim ulate RNA syn th esis 2 to  3 fo ld  a t concentra­
tio n s  o f  0.25 mM and 2 .5  mM resp ec tiv e ly . Class 2 and Class 3 compounds
xi
are a lso  stim ulatory by 2 to  3 fo ld  a t optimal KC1 concentrations. How­
ever , a Class 3 compound, e . g . ,  spermidine, I s  not stim ulatory a t optimal 
concentrations o f  a Class 2 compound, e . g . ,  MgCl2, In the presence o f or 
absence o f  KC1.
D iff ic u lty  Is  encountered in  esta b lish in g  the optimum polyamine 
concentration a t low io n ic  strength  because o f template p rec ip ita tio n  
caused by low concentrations o f  polyamines. Moderate concentrations 
(0 .05 to  0 .1  M) o f  KC1, which have l i t t l e  e f f e c t  on the in  v itr o  trans­
cr ip tion  rea c tio n , prevent p rec ip ita tio n  o f  ENA by polyamines. Spermidine 
in  the presence o f  a moderate concentration o f  KC1 markedly stim ulates  
tran scrip tion  o f  T4 DNA. I t  i s  s ig n if ic a n t  that m illim olar q u an tities  
o f  polyamines e l i c i t  large stim ulatory responses a t  moderate (0 .1  M) and 
optimum (0 .3  M) concentrations o f  KC1.
The stim ulatory response e l i c i t e d  by cations i s  not universal 
w ith respect to  the DNA tem plate. Both. KC1 and spermidine, in  the 
presence o f  0 .1  M KC1, greatly  stim ulate tran scrip tion  o f  T4 and T7 DNA, 
but stim ulate tran scrip tion  o f E. c o l i  DNA, c a lf  thymus DNA, and poly  
Id(A-T)] only s l ig h t ly .  Spermidine, in  the absence o f  KC1, moderately 
stim ulates tran scrip tion  o f a l l  f iv e  tem plates.
R e in itia tio n  by the RNA polymerase does not occur at low io n ic  
strength resu ltin g  in  early  cessa tion  and plateauing o f  RNA sy n th esis. 
Early p lateauing i s  not observed when stim ulatory concentrations o f  KC1 
or spermidine are present since th e ir  presence allows r e in it ia t io n .
Polyamine-mediated stim ulation  cannot be a ttr ib u ted  simply to  the 
polyamine contribution to  the n et io n ic  strength  s in c e , in  a l l  ca ses , 
th e ir  presence contributes considerably more to  an increase in  syn thetic  
a c t iv ity  than to  the net io n ic  strength .
xii
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A nalysis o f  reaction  mixtures containing P-labeled  T4 DNA by 
sedimentation in  sucrose gradients and f i l t r a t io n  on n itr o c e llu lo se  
membrane f i l t e r s  reyealed  that nascent RNA i s  re leased  a t low io n ic  
strength  in  the presence or absence o f  spermidine. Thus, f a c i l i t a t io n  
o f nascent RNA re lease  from the tran scrip tion  complex, i . e . ,  RNA-Ehzyme- 
DNA, i s  not responsib le fo r  polyamine-mediated stim ulation  o f  in  v itr o  
RNA sy n th es is .
N either spermidine nor KC1 were found to  in fluence the s iz e  o f  
in  v itr o  tran scrip ts synthesized  on T4 DNA. Analysis o f  product RNA was 
performed by sedim entation in  sodium dodecyl su lphate-sucrose gradients 
and formaldehyde-sucrose grad ients.
Both KC1 and spermidine were found to  be e f fe c t iv e  in  allow ing  
d isso c ia tio n  o f  the RNA polymerase from the tenp late on which i t  o r ig in a lly  
in it ia t e d  and r e in it ia t io n  o f  new RNA chain syn th esis on a second or 
"challenger" tem plate. Transcription o f the "challenger" tenp late does 
not occur at low io n ic  strength  in  the absence o f spermidine.
R estart o f  RNA syn th esis once the p lateau  phase had been estab­
lish e d  was e ffe c te d  by both 0 .3  M KC1 and 6 mM spermidine + 0 .1  M KC1. 
Spermidine added to  the s ta lle d  reaction  in  the absence o f  KC1 caused 
p rec ip ita tio n  in  the system.
Spermidine was found to  be somewhat more e f fe c t iv e  in  preventing  
and overcoming in h ib itio n  o f  RNA synthesis by addition  o f  e ith e r  E. c o l i  
tRNA (stripped) or 16 S and 23 S rlbosomal RNA.
xiii
INTRODUCTION
Ever sin ce  Herbst and S n e ll (1) f i r s t  demonstrated that Hemophilus 
parainfluenzae requires polyamines fo r  growth, a large body o f  litera tu re  
has accumulated re la tin g  polyamines w ith v i t a l  l i f e  process. The diamine 
p u trescin e, and the poly amines spermine and spermidine, p r in c ip a lly  sper­
midine, have been im plicated as p laying important ro les  in  the control o f  
RNA syn th esis in  both prokaryotic and eukaryotic organisms. The majority 
o f  th is  lite r a tu r e  contains data r e la t in g , in  a correla tive  manner, polya­
mine syn thesis and accumulation with that o f  RNA. However, recent data 
frequently im plies a d irect cause and e f f e c t  re la tion sh ip  between polya­
mine metabolism and RNA syn th esis (2 -7 ) . This subject has been adequately 
reviewed in  severa l recent a r t ic le s  ( 8- 10) ,  synposia (11- 12) ,  and exten­
s iv e ly  in  a recent book (13) .
In terested  by reports o f in  vivo stu d ies in p lica tin g  polyamines 
w ith  control o f RNA sy n th es is , severa l in v estig a to rs  undertook stud ies  
involv ing the d irect e f f e c t  o f  polyamines on p u r ified  DNA-dependent RNA 
polymerases from m icrobial sou rces. Before any review dealing w ith  polya­
mines and in  v itr o  RNA syn th esis i s  in i t ia t e d ,  a b r ie f  d iscussion  o f  the 
in  v itro  RNA sy n th etic  reaction  i s  in  order.
Escherichia c o l l  DNA-dependent RNA polymerase i s  a high molecular 
weight protein  composed o f  severa l subunits. Burgess (14) and Z i l l lg  
e t  a l .  ( 15) have independently reported th at the polymerase con sists  o f  
three subunits a , 3 , and 3* w ith the resp ective  molecular weights o f  
40,000, 150,000 and 160,000. These subunits in  a molar r a tio  o f  2 a:
3:3' form what i s  referred  to  as the core enzyme. A fourth subunit,
1
2sig n a , w ith  a m olecular weight o f  80,000, as reported by Burgess e t  a l.  
(16) and Berg e t  a l .  (17 ), combines w ith one molecule o f core enzyme to  
form the so -c a lle d  holoenzyme. Sigma i s  separated from the core enzyme 
by chromatography on phosphocellulose (16). Most e x is t in g  methods o f  
preparation o f  RNA polymerase g ive a mixture o f  core enzyme and holo­
enzyme (25) .
The RNA polymerase holoenzyme i s  a monomer at high io n ic  strength  
w ith a sedim entation constant o f  15 S w hile ex h ib itin g  a sedimentation  
constant o f  23 S a t low io n ic  strength  due to  dim erlzation (18 ). The 
s ig n ifica n ce  o f  the monomeric and dimeric forms i s ,  as y e t ,  unclear. 
However, i t  has been suggested that the monomer i s  the c a ta ly t ic  unit  
(51).
A subunit o f  10,000 molecular w eight, designated 10, has a lso  been 
iso la te d  in  many preparations o f b a c ter ia l RNA polymerases. However, i t  
i s  unclear whether u i s  a normal c cn stitu ien t o f  the holoenzyme or a 
t ig h t ly  bound impurity sin ce  Burgess (14) has reported RNA polymerase 
preparations lacking o> which ex h ib it normal a c t iv ity .
P u rified  RNA polymerases from other b a c ter ia l sources appear to  be 
sim ilar  in  molecular weight and b asic  subunit c o m p o s it io n  to  the E. c o l l  
RNA polymerase (19-22).
The in  v itr o  RNA syn th etic  reaction  can be conveniently described  
as con sistin g  o f  the fo llow ing events: a sso c ia tio n , in i t ia t io n ,  polymer­
iz a tio n  or chain elongation , and term ination. Ihe a sso c ia tio n  event 
con sists  o f the binding o f  HNA polymerase to  the ENA tenp late resu ltin g  
in  the formation o f  a ENA-enzyme ccnplex. The events leading to  the  
binding and condensation o f  the f i r s t  two rlbonucleoside triphosphates 
w ith the formation o f  the f i r s t  nucleotide bond are referred  to  as
3I n it ia t io n . Once in it ia t io n  has been e ffe c te d , rLbonucleoside triphos­
phates may be incorporated in to  the growing polyribonucleotide chain with  
the re lease  o f  pyrophosphate. Ih is  process i s  known as polym erization  
or chain elongation . Eventually, a f te r  an appropriate elongation period, 
a point i s  reached at which syn thesis must be terminated. Release o f  the 
nascent RNA chain and r e in it ia t io n  by the polymerase., con stitu te  termina­
tio n .
With th is  b r ie f  d iscu ssion  o f the reaction  mechanism, a more d eta iled  
d iscussion  and review o f  each reaction  event, the function  o f  p articu lar  
subunits in  that even t, and the e f f e c t  o f  polyamines and inorganic caticns  
on these events w i l l  fo llow . I t  i s ,  however, not the in ten t o f  th is  
review to  d iscuss in  great d e ta il  the in d iv idu al reaction  events mentioned 
above. Therefore, d iscussion  w i l l  be lim ited  to  include only that in fo r­
mation which allows a c lea r  and concise review o f  the ro le  and/or e f fe c ts  
o f polyamines and inorganic cations in  and on these ev en ts . Several 
review a r t ic le s  have recen tly  been published which give d e ta iled  d iscus­
sions o f  a l l  aspects o f  DNA-dependent RNA polymerase (23-35).
A ssociation
RNA polymerase has been showrj by severa l d iffere n t method^ to  bind  
to  ENA in  the absence o f  nucleoside triphosphates. Fox e t  a l .  (36) 
shewed that RNA polymerase from Micrococcus lysod eik ticus binds to  c a lf  
thymus ENA forming a complex s u f f ic ie n t ly  s ta b le  to  allow separation o f  
the enzyme-DNA complex from the free  polymerase by cen trifugation  on a 
g ly cero l gradient.
Jones and Berg (37) developed a n itr o c e llu lo se  membrane f i l t e r  tech­
nique to  study polynucleotide-RNA polymerase in te r a c tio n . They reported
4that native ENA and RNA polymerase separately  pass through M illipore  
membrane f i l t e r s  w hile a ccmplex o f  the two are retained  q u an tita tive ly  
by the f i l t e r .  With th is  method they measured the stoichiom etry o f  the 
binding o f  E. c o l i  RNA polymerase to  T7 ENA. In terpretation  o f  data  
obtained by th is  method has been challenged recen tly  by Hinkle and 
Chamberlin (38 ). Ihey reported that RNA polymerase binds to  the membrane 
f i l t e r  even without p rior  a ssoc ia tion  w ith ENA and, furthermore, a ENA 
molecule i s  retained  by the f i l t e r  i f  only one polymerase molecule i s  
complexed w ith  i t .
The a sso c ia tio n  event appears to  be rapid since Richardson (.39) 
reported that T4 ENA -  E. c o l i  RNA polymerase complexes are d etectab le , 
w ith the membrane f i l t e r  method, w ithin  15 seconds o f  the addition o f  
the enzyme to  the ENA so lu tio n .
The reaction  appears to  be rev ersib le  s in ce  Richardson (39) a lso  
showed that once bound to  one DNA ten p la te , the polymerase can d isso ­
c ia te  and bind another ten p la te . In ad d ition , Stem berger and Stevens 
(40) have reported that labeled  polymerase w i l l  compete fo r  s i t e s  w ith  
unlabeled polymerase already bound to  a ENA m olecule. However, 1/6  o f  
the s i t e s  appeared to  be bound t ig h t ly  enough so as to  be unavailable  
fo r  com petition.
Other in v estig a to rs  have reported two c la sses  o f  binding s i t e s  
(41-42): a large number o f weak reversib le  binding s i t e s  and a sm aller
fra ctio n  o f  s ta b le  ir rev ers ib le  binding s i t e s .
The experiments mentioned above were conducted w ith polymerase 
preparations containing undetermined amounts o f  core and holoenzyme.
Very recent data (38) reported by Hinkle and Chamberlin using prepara­
tio n s  o f  core and holoenzyme from E. c o l i  showed that core enzyme binds
5to  a large number o f  s i t e s  on T7 ENA but forms only weak complexes. 
In teraction  o f  RNA polymerase holoenzyme w ith T7 DNA, however, leads to  
two c la sses  o f  complexes: a sm all number o f  s ta b le  complexes and a
larger number o f  weak conplexes. Ihey concluded th at sigma reduces the  
a f f in ity  o f  RNA polymerase fo r  random regions o f  DNA but enhances binding  
o f the enzyme to  a s e le c te d  number o f  s i t e s ,  presumably corresponding to  
promoter s i t e s .  They a lso  reported that the formation o f  s ta b le  h o lo -  
enzyme-DNA conplexes was strongly  a ffec ted  by temperature, proposing 
that the formation o f  these conplexes requires the opening or m elting  
o f  the DNA strands in  the region o f  the binding s i t e ,  and th at th is  task  
i s  accorpllshed by sigma.
Z i l l ig ,  e t  a l .  (43) have been able to  d is so c ia te  the E. c o l i  RNA 
polymerase in to  subunits and s e le c t iv e ly  reco n stitu te  activ e  enzyme 
molecules using a d isso c ia tio n  procedure in volv in g  large molar concen­
tra tio n s  o f  LiCl. They found th a t an a -free  33' complex caused reten­
tion  o f  labeled  T4 ENA by menbrane f i l t e r s  w hile a e s s e n t ia lly  lacked  
th is  a b i l i t y .  3' was a lso  found to  be the only subunit which reacted  
with heparin, a strong competitor o f  ENA fo r  a sso c ia tio n  w ith the poly­
merase. S eth i (24) a lso  reported that 3' assoc ia ted  w ith  DNA e f fe c t iv e ly  
w hile 3 and a did n o t. These r e su lts  have been the b a sis  fo r  the desig ­
nation  o f  3 ’ as the DNA binding subunit.
RNA polymerase i s  a lso  able to  bind RNA. Several in v estig a to rs  
have shown that RNA i s  an e f fe c t iv e  in h ib ito r  o f  ENA-directed RNA synthesis  
(36, 44-48). Fox e t  a l .  (36) using M. lysod elk ticu s RNA polymerase showed 
that E. c o l i  riboscmal RNA, MS2 v ir a l  RNA, c a lf  thymus cRNA, and p o ly -  
u r ld y lic  acid  (poly U) were e f fe c t iv e  in h ib ito rs  o f  the polymerase reac­
t io n . Hcwever, they pointed out that the order o f  addition  o f  the ccm-
6ponents was iip o r ta n t . InM bition  was found to  be e f fe c t iv e  only i f  the 
enzyme was preincubated w ith the RNA in d ica tin g  that there e x is t s  a 
canpetition  between RNA and DNA for a s i t e  cn RNA polymerase. As w ith  
the ENA-enzyme conplex, they were a lso  able to  show 4S RNA-enzyme asso­
c ia tio n  on g ly cero l grad ients.
S im ilar data concerning in h ib itio n  by addition o f  exogenous RNA 
has been reported fo r  the E. c o l i  RNA polymerase (47, 46, 48, 39 , 51) 
and fo r  RNA polymerase from Azotobactor v in e la n d ii (45).
Anthony e t  a l .  (48) have reported that there i s  an ordered p refer­
ence o f  binding o f  n u c le ic  acid  polymers by the polymerase. Ihey demon­
stra ted  a displacement o f  one polymer from the enzyme by a second polymer. 
Hie order o f  preference o f  binding was found to  be: single-stranded
sonicated  DNA >, double-stranded son icated  DNA > single-stranded  ENA > 
tRNA > native DNA. Therefore, tRNA was actu a lly  able to  d isp lace native  
DNA from the polymerase. However, once in it ia t io n  had occurred the 
ENA-enzyme conplex was sta b le  against d isso c ia tio n  by tRNA.
I t  appears, then , th a t RNA as w e ll as ENA binds to  p u r ified  RNA 
polymerase from E. c o l i ,  M. lysod eik ticu s and A. v in e la n d ii. Various 
sp ecies  o f  RNA a lso  in h ib it  ENA-directed syn th esis  o f RNA by c a p e t in g  
with ENA fo r  a s i t e  on the polymerase and th is  com petition i s  no longer 
observed once in it ia t io n  has been e ffe c te d .
The s a l t  concentration has been reported to  have a dramatic e f f e c t  
on the degree o f  n u c le ic  acid-enzyme a sso c ia tio n . Anthony e t  a l .  (48) 
reported th at 0 .4  M (NH^^SO^ added to  an RNA polymerase reaction  mixture 
prior to  addition o f  enzyme resu lted  in  almost complete in h ib it io n  o f  
RNA sy n th es is . They showed d ir e c t ly ,  by use o f  the membrane f i l t e r  
method, that as the concentration o f (NH^SO^ in creased , the amount o f
7labeled  DNA conplexed by the enzyme decreased. A concentration o f  0.266 M 
(NH^SO/j was found to  e f f e c t iv e ly  prevent reten tion  o f  the labeled  ENA 
by the f i l t e r .  0.266 M KC1 was a lso  able to  d isso c ia te  the DNA-enzyme 
coup le x .
Richardson (39) obtained s im ilar  data w ith  0 .5  M KC1. In add ition , 
he found that the tran scrip tion  complex, i . e . ,  enzyme-DNA-RNA, was 
sta b le  during sedim entation on sucrose gradients containing 0 .5  M KC1 
whereas the DNA-enzyme conplexes formed p r io r  to  in it ia t io n  were not.
In addition to  observing d isso c ia tio n  o f  ENA-enzyme complexes a t  
high io n ic  stren gth , Anthony e t  a l .  (49) reported s im ilar  r e su lts  w ith  
RNA-enzyme conplexes. I t  was la te r  confirmed (48) th at in  sucrose 
gradients containing 0 .022, 0 .044 , and 0.066 M (NH^SO^; 52, 66, and 
90$ o f the RNA-enzyme conplexes were d isso c ia ted  resp ec tiv e ly . S im ilar  
r e su lts  were observed w ith NH^Cl.
A comparison o f  the membrane f i l t e r  and sucrose gradient methods 
showed that s a l t  appeared le s s  e f fe c t iv e  in  d isso c ia tin g  n u c le ic  acid  -  
polymerase ccnplexes by the f i l t e r  method than by the gradient method, 
presumably because o f  the in fluence o f  the cen tr ifu ga l f i e ld .
Hie in h ib it io n  by RNA o f  ENA-directed RNA syn th esis mentioned pre­
v iou sly  was reported to  be prevented by high io n ic  strength  by Fox e t  a l .  
(36) using the M. lysod eik ticus enzyme. So e t  a l .  (51) reported sim ilar  
r e su lts  w ith 0 .2  M KC1 using the E. c o l i  RNA polymerase and T4 ENA as 
te n p la te .
D ivalent cations are not necessary fo r  n u c le ic  acid-polymerase asso­
c ia tio n . Fox _et a l .  (36) were able to  obtain both RNA and DNA complexes 
w ith  M. lysod eik ticu s RNA polymerase w ithout the addition  o f  d ivalent 
ca tion s. L ikew ise, Richardson (39) using the E. c o l i  polymerase showed
8that emission o f  Mg , which was required fo r  RNA sy n th e s is , and Mn , 
which in h ib ited  RNA syn th esis by 20%, had no e f f e c t  on DNA-enzyme a sso c ia -
r|, j.
t io n . However, removal o f Mg w ith EDTA stopped polym erization in s ta n tly .  
Anthony e t  a l .  (48) reported 24% le s s  DNA bound to  the same amount o f
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enzyme when Mg and Mn were removed w ith  10 M EDTA. Sim ilar r e su lts  
were reported by Stem berge and Stevens (40 ).
I t  appears, th en , th at d ivalent cations are'not required fo r  asso­
c ia tio n  o f n u c le ic  acids w ith RNA polymerase and, in  f a c t ,  may s l ig h t ly  
in ter fere  w ith th e ir  in teraction .
Polyamines have been reported to  have d if fe r e n t ia l e f fe c t s  on 
n u cle ic  acid-RNA polymerase complexing. Richardson (39) studied  the 
E. c o l i  enzyme and was able to  observe no d ifference in  DNA-enzyme 
assoc ia tion  w ith 0 .4  mM spermine present. Fox e t  a l .  (36) used the 
M. lysod eik ticu s enzyme and showed that the DNA-enzyme conplexes, as 
analyzed by g ly cero l gradient a n a ly s is , were not a ffec ted  by the addition  
o f spermidine to  the gradient b u ffer . However, MS2 RNA-enzyme conplexes, 
analyzed by the same method were completely destroyed by 2 mM spermidine 
in  the gradient. In add ition , they were able to  p a r t ia lly  prevent in h i­
b it io n  by exogenous RNA by having 2 mM spermidine present in  the reaction  
mixture.
Krakow (50) showed reversal o f  in h ib it io n  o f  the A. v in elan d ii 
enzyme by polyfluorourictylic ac id , a reported competitor o f  DNA fo r  the 
primer s i t e  on the polymerase (45 ), with 12 mM spermidine present in  the 
reaction  mixture. Hie capacity o f  polyamines to  prevent in h ib itio n  by 
exogenous RNA has a lso  been shewn with E. c o l i  RNA polymerase (91 ).
Thus polyamines appear to  be very e f fe c t iv e  a t low concentrations 
in  d isso c ia tin g  RNA-enzyme conplexes but have l i t t l e  e f f e c t  on DNA-enzyme
9complexes.
I n it ia t io n
I n it ia t io n  has been defined by Anthony e t  a l .  (52) as the addition  
o f the 5 ’-term inal and the subterminal nucleoside triphosphates to  the 
DNA-enzyme conplex w ith the subsequent formation o f  the f i r s t  phospho- 
d ie s te r  bond. That the d irection  o f  syn th esis i s  from the 5* to  the  
3' terminus was e a r l ie r  reported by Maitra and Hurwitz (59) and Bremer 
e t  a l .  (60) .
Ihe conplexity o f  the DNA-directed ENA syn th etic  reaction  has 
hampered the construction o f  models. Goldthwait e t  al* (5 3 ), however, 
have proposed a simple model con sisten t w ith many o f  the observations 
based on stud ies o f  reaction  k in e tic s  ( 52) ,  equilibrium  d ia ly s is  (54 ), 
and fluoresence quenching (55) .
Ihe model proposes the ex isten ce  o f  two nucleoside triphosphate 
binding s i t e s  on the ENA polymerase. Ihe f i r s t  s i t e  binds purines but 
not pyrim idines. Ih is  i s  based on the s ta b liza tio n  o f  DNA-enzyne com­
p lexes by purines, but not pyrim idines, in  the presence o f  high s a l t .  
U iis  s i t e  i s  designated the in it ia t io n  s i t e  sin ce  i t  possesses a d isso ­
c ia tio n  constant equivalent to  the Km o f  in it ia t io n  and i s  su scep tib le  
to  in h ib itio n  by rifam ycin, a s p e c if ic  in h ib ito r  o f  in i t ia t io n  (56, 57, 
5 8 ). I n it ia t io n  by purines as the 5 ’-term inal nucleoside has been 
confirmed in  a d irect manner by the is o la t io n  o f  purine nucleoside  
tetraphosphates a fte r  a lk a lin e hydrolysis o f  ENA synthesized  in  v itr o  
(59, 60). Sim ilar an alysis o f  in  v ivo ENA a lso  reyea ls purines as the 
predominant 5*-term inal nucleoside (6l ) .  Binding o f  the nucleoside
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triphosphate to  th is  s i t e  occurs in  the presence or absence o f divalent 
cations (5*0.
Ihe second s i t e ,  designated the polym erization s i t e ,  requires Mg , 
i s  not s e n s it iv e  to  rifam ycin, and shows no s e le c t iv i ty  for  purines or 
pyrim idines. More w i l l  be sa id  about the d ivalent cation  requirement 
la te r .
This model i s  based, in  p a rt, on the observation that the apparent 
Kin fo r  the 5' -term inal nucleoside triphosphate i s  10 tim es larger than 
the Km fo r  the ribonucleoside triphosphates incorporated in to  the rest  
o f  the RNA chain. Downey and So (.65), however, report no d ifference in  
Km v a lu es .
Krakow (19 , 62) has a lso  proposed a model fo r  ENA-directed synthesis  
o f RNA. TWo s i t e s  are proposed in  th is  model as w e ll:  an in it ia t io n
s i t e  w ith a strong preference fo r  purines and a substrate binding s i t e  
where the incoming nucleoside triphosphate b in d s, and i s ,  presumably, 
hydrogen bonded to  the ten p la te . The two nucleoside triphosphates are 
jo ined  by the formation o f  a phosphoester bond and subsequent release o f  
pyrophosphate. A tran slocation  step  fo llow s with the in it ia t io n  s ite  
then becoming the product terminus s i t e  and the substrate s i t e  becoming 
free  to  accept another nucleoside triphosphate. Although requirements 
fo r  d ivalent cations are not d iscussed in  th is  model, a l l  experiments 
contained Mg .
Exactly a t what point the DNA-enzyme complex becomes sta b le  to high  
s a lt  concentrations i s  s t i l l  con troversia l. Bi Mauro e t  a l .  (63) 
reported that RNA polymerase -  T4 ENA conplexes were sta b le  in  the 
presence o f  KC1 up to  0 .3  M once the f i r s t  nucleoside triphosphate, a 
purine, was incorporated in to  the conplex. The claim that only one
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nucleoside triphosphate I s  required was based on the assumption th at  
abso lu tely  no RNA i s  synthesized in  th e ir  system when UTP i s  lacking  
sin ce UTP i s  reported to  be the second nucleoside triphosphate incor­
porated in  normal T^4 RNA sy n th e s is .
S im ilar data showing s ta b iliz a t io n  o f  the conplex by purines was 
reported by Anthony e t  a l .  (6 4 ). However, the exact nature o f  the DNA- 
enzyme-purine complex was not determined. Sentenac e t  a l .  (92) reported  
that with poly d(AT) as ten p la te , the presence o f  one nucleoside triphos­
phate (ATP) did not r e su lt  in  a s ta b iliz a t io n  o f  the enzyme-DNA complex. 
Chamberlin (25) has conmented on the apparent in a b il ity  o f  a s in g le  
nucleoside triphosphate to  confer s t a b i l i t y  on ENA-enzyme conplexes at 
high s a lt  as reported by severa l lab oratories.
Ihe signa subunit or fa cto r  has been found to  have a profound e f fe c t  
on in it ia t io n .  Burgess e t  a l .  (1 6 ), who f i r s t  reported the separation  
o f  sigma and the core enzyme by phosphocellulose chromatography, found 
that core enzyme exh ib ited  l i t t l e  a c t iv ity  w ith a T4 ENA ten p la te , 
whereas, the addition o f  sigma increased a c t iv ity  over 60-fo ld .
Transcription was reported to  be stim ulated  somewhat le s s  by signa  
with T7, A. and E. c o l i  ENA tem plates and very l i t t l e  stim ulation  was 
observed w ith c a lf  thymus ENA, denatured DNA, or poly d(AT)! (33). The 
reason for  lower stim ulation  w ith the la s t  three tem plates i s  that core 
enzyme transcribes these tem plates e f f ic ie n t ly  in  the absence o f  sigma.
Travers and Burgess (66) soon showed that the increased transcrip ­
t io n  in  the presence o f  signa i s  due to  an increase in  the number o f  
chains in it ia te d  and not due to  an increased ra te  o f chain growth. 
Furthermore, they showed that signa  i s  released  a fte r  in it ia t io n  and i s  
then availab le fo r  re-use by other core enzymes.
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Based on th ese  f i r s t  experim ents, evidence has s te a d ily  accumulated 
g iv ing  signa the ro le  o f determining I n it ia t io n  s p e c if ic i ty .  As mentioned 
p rev iou sly , Hinkle and Chamberlin (38) reported that signa a ffe c ts  DNA- 
enzyme a ssoc ia tion s by d esta b iliz in g  n o n -sp ec ific  binding s i t e s  and 
s ta b il iz in g  s p e c if ic  binding s i t e s ,  presumably promoter s i t e s ,  That 
signa Is  s e le c t iv e  fo r  actual promoter s i t e s  I s  shown by the fa c t  that 
In v itr o  RNA syn th esis In the presence o f  sigma on T4 ENA Is  r e s tr ic te d  
to the in it ia t io n  s i t e s  u t i l iz e d  In vivo (67, 68) .  S im ilar data has 
been reported fo r  T7 DNA (69, 70).
Sugiura e t  a l .  (.76) have shown that signa a ffe c ts  the asymmetry o f  
tran scrip tion . Core polymerase was: found to  transcribe both the plus 
and minus strands o f fd  phage r e p lic a t iv e  form DNA w hile holoenzyme 
transcribed  only the minus or b io lo g ic a lly  correct strand.
Signa may n o t, however, contain a l l  the Information needed for  
recognization o f  the promoter s i t e .  There Is  evidence that the g 
subunit I s  a lso  Involved In the I n it ia t io n  process s in ce  rifam picin  
appears to  bind to  the g subunit ( 19) and does not attack  signa (63) .  
Furthermore, r ifam p ic in -resistan t b a c te r ia l mutants have been shown to  
carry the resista n ce  phenotype In the g subunit ( 71) .  3 a lso  seems to
be Involved w ith signa function  (19) sin ce signa does not bind to  DNA 
(.15,  72) but I s  reported to  bind to  the g subunit ( 72) .
As mentioned e a r l ie r ,  Travers and Burgess (66) reported that sigma 
Is  released  a fte r  I n it ia t io n . Krakow and Von der Helm (19) have shown 
by use o f  acrylamide g e l e lectrop h oresis that A. v in e la n d ii signa  
fa cto r  Is  re leased  some time a fter  I n it ia t io n  and that the re lea se  o f  
signa appears to  require syn th esis o f  a sm all polyribonucleotide o f  
undetermined length . Ruet _et a l .  ( 73) have reported s im ilar  data w ith
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E. c o l l  polymerase and Gerade e t  a l .  (74) w ith the polymerase from 
Pseudomonas p u tld e .
Krakow (75) a lso  reported the re lea se  o f  signa from A. v in e la n d ii 
polymerase a fte r  a sso c ia tio n  w ith tRNA or Poly U. In fa c t ,  Incubation  
o f  RNA-polymerase holoenzyme w ith  s in g le  stranded polyribonucleotide or 
polydeoxribonucleotides resu lted  in  re lea se  o f  s ig n a , whereas signa  
re lea se  occurs in  the presence o f  double stranded polydeoxyribopolymers 
only a fte r  syn th esis o f  some polyribonucleotides.
S a lt seems to  e f f e c t  I n it ia t io n  predominantly In a negative manner. 
As previously  d iscu ssed , high s a lt  concentrations re su lt  In a d isso c ia ­
tio n  o f  enzyme-DNA conplexes, This shows up in  the reaction  k in e tic s  
as a la g  phase under certa in  cond itions. Walter e t  a l .  (77) reported  
that syn th esis in  the f i r s t  few minutes o f incubation i s  reduced when 
the tenperature i s  reduced at constant io n ic  strength  or the io n ic  
strength  increased a t constant tenperature. Unis la g  increased rapidly  
below a tenperature o f 17°C or a t 37°C a t s a l t  concentrations above 
0.04 M MgCl2 or 0.30 M NH^Cl ( 78) ,  and i s  reduced by preincubation o f  
the enzyme w ith DNA. No lag  i s  observed w ith s in g le  stranded DNA. I t  
was concluded th at the la g  phase was due to  a required lo c a lize d  m elting  
o f  the DNA a t the in it ia t io n  s i t e  before syn th esis began and that s a l t  
in fluenced  th is  process by ra is in g  the energy o f  a c tiv a tio n  required fo r  
the enzyme to  m elt part o f  the DNA double strand. The e f f e c t  o f s a l t  at 
the a ssoc ia tion  le v e l  was thought not to  be responsib le fo r  the observed 
decrease rate o f  in i t ia t io n .  The occurence o f a la g  phase at high  
concentrations o f both mono and d iva len t s a lt s  has been reported by 
others (78- 80) .
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Although So_et a l .  (51) did not report the occurence o f  a lag  
phase at high s a l t  concentrations, they suggested that an observed 
increase in  i n i t i a l  rate o f syn th esis in  the presence o f  0 .2  M KC1 was 
due to  the observed d isso c ia tio n  o f  the polymerase from a dimeric to  a 
monomeric form at high io n ic  strength (18 ). They a lso  suggested that 
KC1 decreases the a f f in ity  o f  ENA polymerase fo r  n o n -sp ec ific  binding 
s i t e s  on the template s in ce  KC1 in h ib its  polyadenylic acid  (poly A) 
syn thesis w ith e ith e r  T4 DNA or poly U as tem plate.
S a lt has been reported to  in flu en ce other aspects o f  in it ia t io n .  
Maitra and Barash (81) reported that KC1 increased the number o f ENA 
chains in it ia te d  w ith ATP and decreased the number s ta r tin g  w ith GTP 
w ith  T4 DNA as ten p la te . Z i l l ig  e t  a l .  (43) have reported that in  the 
absence o f  ten p la te , signa was required to  bind purine ribonucleoside  
triphosphate to  the enzyme. At high s a lt  concentrations, however, sigma 
was not required. Pyrimidines were not bound in  e ith e r  case.
This r a ise s  the question as to  whether sigma i s  necessary or 
functions at a l l  at high s a l t  concentrations. Maitra e t  a l . (81) 
reported that tran scrip tion  products o f  T4 DNA were copied by the 
holoenzyme ex c lu siv e ly  from the £ strand and appeared to  be the same as 
the in  v ivo  products in  the presence or absenae o f  0 .2  M KC1. Also no 
stim ulation  o f  RNA syn th esis by high s a lt  i s  observed w ith  core enzyme 
(82, 84). Therefore, s a l t  does not appear to  in ter fe re  w ith  the action  
o f  or replace signa.
| |
As mentioned p rev iou sly , Mg i s  required fo r  RNA syn th esis as
j  j
evidenced by the immediate cessa tion  o f  polym erization when Mg i s  
removed (50, 78). That Mg i s  required fo r  in it ia t io n  i s  suggested by 
Anthony e t  a l .  (54 ). As mentioned, they proposed two binding s i t e s  fo r
15
nucleoside triphosphates, the second or polym erization s i t e  requiring  
divalent ca tio n s . The co -factor  ro le  o f  Mg fo r  E. c o l l  polymerase 
appears, then , to  be assoc ia ted  w ith the polym erization s i t e  and i s  
needed during in it ia t io n  fo r  binding o f sub-term inal nucleoside triphos­
phate and during elongation  fo r  binding o f  incoming nucleoside tr ip h os-
-j—|_
phates. Mi appears to  play a sim ilar  ro le  fo r  the A. v in e la n d li 
polymerase (83 ). Fuchs e t  a l .  (78) have reported that fo r  the E. c o li
j -  J -  |_  |_  |  j -
RNA polymerase Co and Mn can rep lace Mg in  th is  co -factor  ro le .
Whether polyamines can replace inorganic d ivalent cations in  th is  
co -factor  ro le  has not been determined d ir e c t ly . However, i t  seems 
u n lik ely  sin ce  Krakow (50) w ith the A. v in e la n d ii enzyme and Fuchs e t  a l .  
(78) w ith the E. c o l l  polymerase have shown that no syn th esis i s  
allowed in  the absence o f  d ivalent ca tio n s, even in  the presence o f  
polyamines.
Polyamines do appear to  have sane e f f e c t  on in it ia t io n  sin ce  
Gurrport (93) showed that spermidine promotes asymmetric tran scrip tion  
by the M. lyxodeiktlcus polymerase on <J>X174 r e p lic a t iv e  form ENA. Mg**, 
and to  a le s s e r  degree KC1, a lso  increased asymmetric tran scrip tion  in  
the system.
The mechanism underlying the promotion o f asymmetric tran scrip tion  
by spermidine i s  unclear sin ce  both spermidine and spermine have been 
shown to  have l i t t l e  e f f e c t  on DNA-enzyme asso c ia tio n  (39 , 3 6 ). Abraham 
(90) suggested th a t polyamines may have an e f f e c t  on in it ia t io n  by 
in flu en cin g  the secondary structure o f  d efectiv e  s in g le  stranded regions 
o f ENA, thereby reducing n o n -sp ec ific  binding o f  the enzyme to  these  
d efectiv e  regions and thus making more enzyme molecules ava ilab le  fo r  
a sso c ia tio n  w ith  the in it ia t io n  s i t e s .  No d irect evidence fo r  th is
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model, however, has been presented.
Petersen _et a l .  (91) using c a lf  thymus ENA as tenp late and E. c o l l
RNA polymerase reported that more RNA chains were in it ia te d  in  the
presence o f  spermidine than in  i t s  absence. Although they did  look at 
lli 32
both C-ATP and y -  P-ATP incorporation, they reported the increased  
incorporation o f  both isotop es s u ff ic ie n t ly  la te  in  the assay that some 
r e in it ia t io n  could have taken p lace . Therefore, the reported increase  
in  the number o f chains could be a representation  o f  both in it ia t io n  and 
r e in it ia t io n  ev en ts . Synthesis was not increased by spermidine when 
denatured DNA was used as ten p la te .
The e f f e c t s  o f  polyamine on core enzyme have not been te s te d . 
Therefore, i t  i s  unknown whether spermidine stim ulates RNA syn th esis  
in  the absence o f  sigma.
Chain Elongation
Chain elongation  can be defined as a s e r ie s  o f  undetermined r ep e ti­
tiou s events involved in  the addition o f  nucleoside residues to  the 
nascent RNA chain by linkage o f  the ribose 3*-hydroxyl to  the 5 '-phos­
phate group o f  the incoming nucleoside triphosphate, re lea se  o f  inorganic  
pyrophosphate (P P i), and subsequent tran slocation  along the ten p la te .
L it t le  i s  known about the actual chemistry o f  the polym erization  
reaction , n ev erth e less , two models have been proposed ( 85, 86) which 
are in  complete disagreement with each other. A d iscu ssion  o f  these  
models i s  not relevant to  th is  review.
The chain elongation  step  does have a s p e c if ic  in h ib ito r , s trep to -  
ly d ig in . I t  has been proposed by Cassani e t  al^  (88) that strep to lyd ig in  
in h ib its  chain elongation  by a ffec tin g  the rate o f  phosphodiester bond
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formation. However, no mechanism was presented. Although the en tire  core 
enzyme i s  required fo r  polym erization (4 3 ), the £ subunit i s  more d ire c tly  
im plicated sin ce  mutations g iv ing  strep to lyd ig in  res ista n ce  are found to  
map on the same gene as rlfam picin resistan ce  ( 87) .
Early stud ies o f  chain growth using a T4 DNA ten p la te  at 37°C 
suggested that the in  v itr o  rate o f  elongation  was much lower than that 
observed in  v iv o . Bremer and Konrad (94) reported a rate o f  2 to 3 
nucleosides polymerized/second fo r  in  v itr o  T4 DNA tran scrip tion  w hile 
Bremer and Yaun (95) reported a rate o f  28 nucleosides/second fo r  in  
vivo  T4 RNA chain growth. In 1970, Richardson (96) using the foim alde- 
hyde-sucrose gradient technique o f Boedtker (97) showed, by observing  
the s iz e  o f  the RNA chains produced w ith tim e, that the ra te  o f  elonga­
t io n  was dependent upon the io n ic  strength . This data has been confirmed 
by Bremer (80) using a s im ilar  method.
Witmer ( 89) and Maitra and Barash (8 2 ), using ATP and GTP labeled
32w ith P in  the y p o sitio n  to  deteimine chain length  by conparing the
t o t a l  RNA made w ith the nuxrber o f  in it ia t io n  events (^H-NTP/^P-ATP +
32P-GTP), reported no in fluence o f high io n ic  strength  on the ra te  of 
chain elongation .
The reverse o f  polym erization, hydrolysis o f the phosphodiester 
bond, a lso  occurs during the polym erization reaction . Krakow and Eronk 
(62) detected  PPi exchange once the dinucleoside was formed. Before 
the formation o f the fL rst phosphodiester bound, no PPi exchange was 
detected . Bautz e t  a l .  ( 67) reported th at 0 .2  M KC1 i s  required to  
maximize PPI exchange but found that i t  a lso  in h ib its  the addition o f  
the second nucleoside to  the in it ia t io n  complex.
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Although I t  I s  in p lied  by observations o f  the o y era ll reaction  ra te  
that polyandries stim ulate chain elongation , d irect documentation i s  
lacking. Pox e t  a l .  (3 6 ), Abraham (9 0 ) , Krakow (5 0 ), Petersen and 
Kroger (79) and others (18, 51, 44, 91) have reported stim ulation  o f  the 
o v era ll reaction  by polyandries. A few in v estig a tio n s  showed some 
stim ulation  o f  the i n i t i a l  rate by spermidine (78, 44, 9 0 ). However, 
d irect evidence o f stim ulation  o f  the elongation  ra te  by examination 
o f  the s iz e  o f  the product w ith resp ect to  time (96, 8 0 ), examination 
o f  PPi exchange (67) or use o f  the y -lab eled  nucleoside triphosphates 
method ( 83, 89) have not been reported. Therefore, i t  i s  questionable 
whether the observed stim ulation  o f  i n i t i a l  ra te  i s  due to  an increased  
rate  o f  in it ia t io n  or chain elongation .
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Petersen e t  al_. (91) did examine incorporation o f  C-ATP and
32y - P-ATP using c a lf  thymus DNA and E. c o l i  RNA polymerase but reported
1 4  "30
only one time poin t showing a s l ig h t  increase in  the C/ P r a t io  at 
20 minutes in  the presence o f  spermidine.
Termination
The term ination event which includes re lea se  o f  nascent RNA and
r e in it ia t io n  has been and s t i l l  i s  a con troversia l su bject.
Early stu d ies o f in  v itr o  DNA tran scrip tion  showed that under the
usual conditions o f  the assay (low io n ic  strength) syn th esis was lin ea r
fo r  the f i r s t  10-15 minutes but then began le v e lin g  o f f  and usually
ceased by 60 minutes (9 8 ). Such a reaction  was sa id  to  display'plateau"  
*
k in e t ic s .
if----------------------------
The term "plateau" k in e tic s  was introduced by Puchs al» (78) to
describe the early  reduction and cessa tion  o f RNA sy n th etic  a c t iv ity  
observed a t low io n ic  stren gth .
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Bremer and Konrad (94) reported th at w ith  E. c o l l  ENA polymerase 
op
and P -labeled  T4 DNA ten p late the newly synthesized  ENA I s  not 
re leased  from the tran scrip tion  coup le x . When they placed an RNA poly­
merase reaction  mixture on sucrose grad ien ts, the labeled  ENA and DNA 
were observed to  co-sedim ent. This complex was d isso c ia ted  w ith sodium 
dodepyl su lfa te  suggesting to  them th at the conplex was held  together  
by a p ro te in , presumably the polymerase. They proposed that at low 
io n ic  strength  con d ition s, RNA i s  not re lea sed , and a ternary conplex 
o f RNA-enzyme-DNA i s  formed.
Krakow (99) reported s im ilar  r e su lts  w ith the A. v ineland li: p o ly-  
merase and was able to  demonstrate stim ulation  o f  RNA syn th esis by the
Introduction o f  RNase, fo llow ing  the ra te  o f  tran scrip tion  by observing
32 32PPi re lea se  from y -  P -labeled  ribonucleoside triphosphates.
These rep o rts , in  addition  to  the many reports o f in h ib it io n  o f
RNA syn th esis  e ffe c te d  by the addition  o f exogenous RNA (36, 44-48)
resu lted  in  a generally  accepted proposal th at cessa tion  o f  syn th etic
a c t iv ity  observed a t low Ion ic  strength  was due to  product in h ib it io n
by the nascent RNA w ith the formation o f a ternary conplex o f DNA-
enzyme-RNA.
Fuchs e t  a l .  ( 78) in  1967 showed that in it ia t io n  and r e in it ia t io n
appeared to  occur fo r  severa l hours a t an io n ic  strength  o f  0 . 36 . That
i s ,  early  p lateauing did not occur in  the presence o f  high s a l t .  This
observation has been comirmed (51, 59, 82).
In 1969, Maitra and Barash (82) reported, by fo llow in g  the incor-  
32poration o f  y -  P -labeled  ATP, that r e in it ia t io n  does occur at high  
io n ic  stren gth  but not at low io n ic  stren gth . Furthermore, they showed 
w ith  sucrose gradients that the nascent RNA i s  released  when: synthesized
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under high, s a l t  co n d ition s. They a lso  reported some re lea se  o f  ENA 
under low s a l t  conditions in  contradiction  to  the report o f  Bremer and 
Konrad.
Richardson (2 3 ), in  1969, reported s im ila r  r e su lts  by use o f  the 
membrane f i l t e r  method. He found th at the tran scrip tion  conplex was 
reta ined  by the f i l t e r  w hile free  RNA was not and th a t , by a conparison 
o f the t o t a l  RNA synthesized  w ith  the amount o f  complex bound RNA remain­
ing  on the f i l t e r ,  an estim ate o f  the amount o f  RNA released  could be 
determined. He a lso  observed some re lea se  o f  RNA a t low io n ic  strength  
a t la te r  times in  the reaction .
In 1970, M ille tte  and T rotter (100) reported that although r e in i­
t ia t io n  did not occur a t low io n ic  stren gth , re lea se  o f  nascent RNA did. 
R elease o f  ENA was observed by use o f  sucrose grad ien ts, in  both low 
and high s a l t  assays.
Ear2y in  1971, Witmer (8 9 ) , using both the membrane f i l t e r  and 
sucrose "bulk" gradient methods, reported that RNA was released  a t high  
s a l t  conditions but that absolu tely  no RNA was re lea sed  a t low io n ic  
strength  reconfirming the findings o f Bremer and Konrad.
S lig h tly  la te r  in  1971, Jenkins e t  a l .  (101) reported that w ith  T7 
DNA and E. c o l i  RNA polymerase, newly synthesized  RNA i s  re lea sed  at 
both s a lt  conditions. R elease o f  RNA at low io n ic  strength  has recen tly  
been confirmed by Goldberg and Hurwitz w ith T4 ENA (102).
There has a lso  been considerable in te r e s t  in  the e f f e c t  o f io n ic  
strength  on ch a ra cter is tic s  such as product RNA s iz e  and f id e l i t y  to  in  
vivo sy n th es is . M ille tte  and T rotter (.100) u sing T4 DNA reported product 
RNA ranging from 25 S to  44 S w ith a number average chain length o f  
5,000 to  7,500 nucleosides and a weight average chain length  o f  11,500
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nucleosides under both conditions. Witmer (89) using the same T4 system  
reported two d iscrete  s iz e  c la sse s  o f  RNA. 70% o f  the t o t a l  RNA was 
4,300 nucleosides long w hile the remainder was reported to  be 7,100 
nucleosides long. That there i s  no d ifferen ce  in  the s iz e  o f  T4 or T7 
ENA tran scrip tion  products synthesized  under high, or low s a l t  conditions  
has been confirmed by others (103, 8 l ) .
Petersen and Kroger (.79) using E. c o l i  RNA polymerase and c a lf  
thymus DNA d id , however, f in d  a larger product formed in  the presence o f
0.32 M NaCl. A lso , Richardson (104) reported that in  v itr o  T4 product 
RNA was 1 .3  tim es longer when synthesized  a t  high s a l t  cond itions.
Qasba and Z i l l ig  (105) showed in  1968 by com petition hybrid ization  
s tu d ie s , using the T4 system , that the RNA synthesized  in  v itr o  at both 
low and high io n ic  strength  was composed o f  only early  RNA s p e c ie s .
That i s ,  by conpetition  hybrid ization  w ith  mRNA from c e l l s  in fec te d  w ith  
T4 phage, the in  v itr o  RNA made under both s a lt  conditions contained RNA 
which competed w ith the in  vivo RNA transcribed early  (1-5  min. a fte r  
in fe c tio n ) and not the in  v ivo  RNA transcribed la te  (30-32 min. a fte r  
in fe c t io n ) .
Maitra e t  a l .  (81) have confirmed the data o f  Qasba and Z i l l ig .  In 
addition they showed w ith  both T4 and T7 DNA that the in  v itr o  product 
terminates predominantly w ith  uridine as the 3' -term inal nucleoside in d i­
cating  that the polymerase probably recognizes s p e c if ic  term ination s i t e s  
on the ENA. Furthermore, they showed th at the high s a lt  products appear 
to  be p h y sio lo g ica lly  s ig n if ic a n t  s in ce  they served as h ighly  e f fe c t iv e  
messengers in  c e l l - f r e e  amino acid  incorporating system s. In f a c t ,  the 
T4 product d irected  the in  v itr o  syn th esis o f  a c tiv e  lysozyme, a gjene 
known to  be transcribed  early  in  the in fe c t io n  cy c le . M ille tte  e t  a l .
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(103) have confirmed much o f  th is  work.
I t  appears then , that termination occurs a t s p e c if ic  s i t e s  a t both 
high and lew s a l t  con d ition s. The m ajority o f  the data Indicates that 
the RNA chain i s  re leased  a t both s a l t  conditions but r e in it ia t io n  i s  
allowed only at high io n ic  strength .
An appropriate question to  ask at th is  poin t i s ,  does the polymerase 
d isso c ia te  from the tenp late i t  f i r s t  in i t ia t e s  on when allowed to  r e in i­
t ia t e  a new RNA chain? Richardson (104) has shown by hybrid ization  
analysis o f product RNA that when E. c o l l  polymerase i s  allowed to  
in i t ia t e  on T4 ENA, and T5 DNA i s  then added a fte r  10 minutes under low 
io n ic  strength  con d ition s, no product hybridizes to  T5 ENA. However, 
when the same experiment i s  conducted a t high s a l t  con d ition s, a con­
siderab le portion o f  the product RNA hybrid izes to  T5 ENA. This in d ica tes  
that the enzyme does indeed d isso c ia te  from the ten p late when r e in it ia ­
tio n  o f  new RNA chains occur. Sim ilar data using T4 and T7 ENA has been 
reported by Maitra .e t 3I .  ( 8 l ) .
I t  i s  unclear in  a l l  o f th ese  stu d ies exactly  where the polymerase 
Is  located  once the p lateau i s  reached. Although i t  i s  assumed (102) 
th at the polymerase remains w ith  the ten p la te , no reail documentation 
e x is t s .  I f ,  indeed, RNA i s  released  a t low io n ic  strength con d ition s, 
the polymerase could e a s ily  be ccnplexed w ith the RNA. This view i s  
supported by RNA-enzyme binding stu d ies (3 6 ), a b i l i t y  o f  exogenous RNA 
to  in h ib it  RNA syn th esis (36, 44-48) and stim ulation  o f  RNA polymerase 
a c t iv ity  by RNase (100).
In 1969, Roberts (106) reported the is o la t io n  o f a protein  facto r  
o f  approximately 200,000 molecular weight which caused term ination and 
re lea se  o f  RNA m olecules in  an in  v itr o  reaction  using bacteriaphage
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X DNA as a ten p la te . Although th is  fa c to r , designated rho, was found to 
have no e f f e c t  on I n it ia t io n ,  I t s  presence d id  r e su lt  In decreased  
syn th esis o f  RNA. Roberts found that th is  decrease was due to  early  
term ination. RNA synthesized  in  the absence o f rho exh ib ited  a broad 
d istr ib u tio n  o f  s iz e  from 35 S to  le s s  than 5 S w hile RNA synthesized  
In the presence o f  rho was composed o f  two d iscre te  sp ecies o f  7 S and 
12 S.
Roberts a lso  reported that the presence o f rho caused re lea se  o f  
RNA from the tran scrip tion  conplex. This experiment consisted  o f  com­
paring sucrose gradient p r o f ile s  o f reaction  mixtures w ith and without 
rtio a fte r  20 minutes o f  incubation. Because o f  the d ifference in  s iz e  
o f  RNA made in  the presence and absence o f  rho one would expect, i f  
re lea se  o f  RNA occurred In both ca ses , to  see  a much greater proportion  
o f  free  RNA at e a r lie r  tim es In the case where rho was present. I t  
would have been o f in te r e s t  to  see the gradient p r o f ile  a t 60 minutes o f  
incubation.
Rho a lso  appeared to  Increase the o v e r a ll accuracy o f  tran scrip tion  
but had no e f f e c t  upon the choice o f  promoter s i t e .
In v ivo  tran scrip tion  o f  T4 DNA prior to  rep lica tio n  r e s u lts  in  the 
production o f  two read ily  d istin gu ish ab le sp ecies  o f  RNA, iirmediate 
early  and delayed early  mRNA (107). The in  vivo syn th esis  o f  delayed  
early  RNA requires p rotein  syn th esis s in ce  treatment w ith chloranphenico.1 
allows only syn th esis o f  immediate early  RNA (108). As mentioned pre­
v io u s ly , the in  v itr o  tran scrip ts  o f  T4 ENA using E. c o l i  RNA polymerase 
are conposed o f  both iirmediate and delayed early  RNA (105, 81). Also  
there i s  evidence th a t the immediate and delayed early  RNA i s  synthesized  
as a continuous in  v itr o  tran scrip t (109). Richardson (110) showed that
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RNA synthesized in vitro in  the presence o f  rho contained only RNA 
species found in T4 RNA synthesized  in  chloranphenicol trea ted  c e l l s ,
i . e . ,  inmediately early RNA. This in d ica tes th a t rho may, indeed, 
play a role in  vivo.
The mechanism of rho-mediated term ination i s  not c lea r . Richardson 
(110) reported that rho a c t iv ity  i s  in s e n s it iv e  to  changes in  ENA con­
centrations and only s l ig h t ly  se n s it iv e  to  changes in  enzyme concentra­
tion . He also conducted binding stu d ies and found rho to  bind to  both  
DNA and RNA. However, RNA-rho in tera ctio n  was found to  be much stronger  
than DNA-rho association.
Davis and Hyman (111) using e lec tro n  microscopy, reported that for  
T7M DNA, which is  reported to have only one promoter s i t e ,  RNA synthesis  
in  the presence of rho proceeds from the promoter s i t e  along the ten p la te  
with the release of d iscrete  RNA chains. The RNA polymerase under these  
conditions was observed not to  be released .
Richardson (110) and others ( 8 l ,  102) have reported that rho i s  not 
functional at ionic strength above 0 .1 .
Thus, two types of term ination events appear to  e x i s t .  One r e su lts  
in  the release of discrete RNA chains but not o f  the polymerase, i s  
mediated by rho and is  not functional at high io n ic  strength  con d ition s. 
The other resu lts in re lease  o f RNA and, a t high s a lt  con d ition s, a lso  
o f the polymerase. These observations have led  Maitra e t  a l .  ( 8 l)  to  
propose the existence o f a hypothetical RNA term ination s i t e  and an 
enzyme release s ite . According to  th is  model, a fte r  in i t ia t io n ,  RNA i s  
released  by the action o f  rho as the polymerase passes the RNA termina­
tio n  s i t e  but w ill  not d isso c ia te  i t s e l f  u n t i l  the enzyme re lea se  s i t e  
i s  reached.
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A major problem yet to  be reso lved  Is  the apparent in a b il ity  o f  
rho to  function  at high, io n ic  strength . I t  i s  puzzling that under con­
d itio n s  most favorable fo r  the RNA polymerase reaction  which allows 
re lea se  o f  the polymerase and r e in it ia t io n ,  rho i s  unable to  function . 
To d ate , no se t  o f  conditions e x is t  using the T4 and T7 in  v itr o  
systems where both rho-mediated term ination and r e in it ia t io n  can take 
p lace.
Polyamines have been shown to  prevent early  cessa tion  o f  RNA 
sy n th es is . Krakow (50) reported stim ulation  o f  RNA syn th esis by poly­
amines in  a time course experiment in d ica tin g  th at r e in it ia t io n  was 
occurring. However, there appeared to  be considerable nuclease con­
tamination in  h is  enzyme preparation. A comparison o f  the stim ulation  
exerted by spermine, sperm idine, and p u trese in e , revealed  the optimum 
concentrations o f the three amines to  be 2 nM, 20 nM and 40 nM respec­
t iv e ly .  Stim ulation was not observed w ith  denatured ENA.
Pox and Weiss (44) reported that polyamines increase the ra te  and 
extent o f  RNA syn th esis again showing that the optimum concentration o f  
the polyamines increased in  the order spermine, sperm idine, pu tresein e, 
cadaverine. They a lso  reported that when spermine was added to  the  
reaction  mixture 60 minutes a f te r  the s ta r t  o f  the rea ctio n , syn th esis  
increased.
Fuchs _et al_. (.78) shewed, in  a more convincing manner, that polya­
mines are able to  prevent early  p lateauing. In th e ir  system which 
included T4 ENA as ten p late and E. c o l i  RNA polymerase, 8 nM spermidine 
was shown to  a llcw  RNA syn th esis to  proceed in  a near lin ea r  manner for  
120 minutes at a moderate io n ic  strength  (0 .13  M NH^Cl) .  They a lso  
shewed that 8 nM spermidine, at the same s a l t  con d ition s, added at 90
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m inutes, restarted  tran scrip tion  re lea s in g  the p lateau .
Petersen , _et a l .  (91) using c a l f  thymus DNA ten p la te  and E. c o l l
RNA polymerase, examined the RNA polymerase reaction  mixture on
sucrose gradients In an experiment s im ilar  to  th at performed by Bremer
and Konrad (95). Ihey found that the apparent tran scrip tion  conplex
appeared to  sediment fa s te r  when the incubation was carried  out in  the
presence o f  spermidine. However, because the ten p la te  was i l l  defined
and was not lab eled , th is  data i s  very d i f f ic u l t  to  in te r p r e t . Ihey 
■30a lso  follow ed y -  P-ATP incorporation to  determine the amount o f  r e in i­
t ia t io n .  However, the reaction  was continued fo r  only 20 minutes.
In a more recent paper (79) these in v estig a to rs  have shown that 
in i t ia t io n  does continue over a t le a s t  a 60 minute period w ith spermidine 
present but ceases a t approximately 15 minutes in  i t s  absence at low 
io n ic  strength . Ihey a lso  showed by sedim entation an a ly sis  that there 
was no d ifference in  the s iz e  o f  RNA made in  the absence or presence o f  
spermidine. Again, the use o f  an i l l  defined  ten p late makes in terpre­
ta tio n  d i f f ic u l t .
I t  appears that the presence o f  polyamines in  the RNA polymerase 
reaction  mixtures allow s r e in it ia t io n .  However, experiments examining 
the e f f e c t s  o f  polyamines on re lea se  o f  nascent RNA from the tran scrip ­
tio n  conplex, the s iz e  o f  product RNA, or the a b il i ty  o f  RNA polymerase 
to  re lea se  from the tenp late have e ith e r  not been done or have been 
performed under conditions which.make in terp reta tion  d i f f ic u l t .  Experi­
ments d ir e c tly  showing r e in it ia t io n  in  the presence o f  polyamines have 
not been performed. A lso , although i t  i s  w e ll documented that an increase  
in  io n ic  strength does allow r e in it ia t io n  to  occur, a paper adequately
comparing the e f f e c t s  o f  polyamines and h igh  io n ic  strength  under 
sim ilar  conditions i s  lacking.
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METHODS
RNA Polymerase P u rifica tion
DNA-dependent RNA polymerase (ribonueleoside triphosphate: RNA
n u cleo tid y l tran sferase , EC 2 , 7# 7 . 6) was p u r ified  from Escherichia  
c o l i  K-12 by the procedure o f  Burgess (.112). 50 grams o f  frozen E. c o l l
K-12 c e l l s  (Grain Processing Corporation, Muscatine, Iowa) were placed  
in  an 8 oz. O sterizer blender container surrounded by ic e .  125 gm o f  
c h ille d  g la ss  beads (Superbrite 100, 3M Company, S t . Paul, Minnesota) 
and 50 ml o f  cold Buffer G [0.05 M Tris-HCl, pH 7-5 , 0 .01  M MgCl2 , 0 .2  M 
KC1, 0 .1  nM d ith io th r e ito l,  0 .1  nM EDTA, 5$ (V/V) g lycero l] were added.
The c e l l s  were homogenized a t low speed fo r  5 minutes and at high speed 
fo r  10 minutes. Grinding was follow ed by treatment w ith 4 yg per ml o f  
pancreatic DNase (RNase-free, Worthington Biochemical Corp., Freehold, N .J .)  
fo r  30 minutes. This and a l l  subsequent steps were performed at 4°.
A fter the i n i t i a l  mixing upon addition  o f  DNase, the g la ss  beads were 
allowed to  s e t t l e .  The supernatant was decanted a t the end o f the DNase 
treatment and the beads were c o lle c te d  and washed w ith 25 ml o f  Buffer G 
in  a large funnel lo o se ly  plugged w ith g la ss  wool. The f i l t r a t e  and 
supernatant were combined to  y ie ld  Fraction I .
Fraction I  was centrifuged at 78,480 x G (G average) fo r  2 hours 
at 4° in  a Spinco No. 30 rotor to  remove c e l l  debris and ribosomes. The 
resu ltin g  supernatant (Fraction I I )  was brought to  33$ saturation  with  
(NH^SOjj. A fter 30 minutes o f  s t ir r in g , the so lu tio n  was centrifuged  
at 6,000 x G in  an In ternational 858 ro tor fo r  30 m inutes. The 33$ 
supernatant was brought to  50$ saturation  w ith (NH^SOjj and treated  as 
ju s t  described. The p rec ip ita te  from th is  fra ctio n  contained the polymerase
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and was resuspended in  260 ml o f a 42% saturated ammonium su lfa te  so lu ­
tio n  in  Buffer A (.0.01 M Ttis-H C l, pH 7- 9 ,  0.01. M MgCl2 , Q .l jjM EDTA,
0 .1  nM d ith io th r e ito l,  5% g ly c e r o l) ,  s t ir r e d  fo r  45 m inutes, and cen tr i­
fuged fo r  60 minutes at 6,000 x G as before. The p e l le t  was d isso lved  
in  Buffer A and then d ilu ted  with. Buffer A u n t i l  the so lu tio n  had a
ii . Q
s p e c if ic  conductivity o f  1 .0  x 10 pmhos per cm a t 4 . This so lu tion  
was designated as Fraction I I I .
Fraction I I I  was applied to  a 25 ml volume Whatman microgranular 
DEAE-cellulose column w ith a length-width r a tio  o f  5. The column was 
equalibrated with severa l column volumes o f  Buffer A p rior to  app lication  
o f  Fraction I I I  and subsequently washed w ith  50 ml o f  Buffer A and 400 ml 
o f  Buffer A + 0.13 M KC1. The polymerase was then e lu ted  w ith 300 ml o f  
Buffer C + 0.23 M KC1 (Buffer C = 0.05 Tris-HCl, pH 7 .9 , 0 .1  mM EDTA,
0 .1  nM d ith io th r e ito l,  5% g ly c e r o l) . The pooled a ctiv e  fraction s  
con stitu ted  Fraction IV.
Fraction IV was precipated w ith 1 .5  volumes o f  a saturated  
ammonium su lfa te  so lu tio n . The resu ltin g  p rec ip ita te  was d isso lved  in  
the minimum volume o f  Buffer A to  obtain complete d isso lu tio n  and 
dialyzed against 100 volumes o f  Buffer A fo r  4 hours w ith  one change o f  
b u ffer . The d ialyzed  p rotein  was d ilu ted  to  a protein  concentration o f 
about 20 mg per ml and layered on a 10-30% g lycero l gradient in  Buffer A 
and centrifuged in  a Beckman model-L2 65B u ltracentr ifu ge a t 75,465 x G 
fo r  24 hours a t 4° in  a Spinco SW 25.2 ro tor . The activ e  fraction s from 
the gradient were pooled and again p recip ita ted  w ith  1 .5  volumes o f  a 
saturated so lu tion  o f  ammonium s u lfa te ,  red isso lved  in  Buffer A + 1 .0  M 
KC1 and d ialyzed  as before against Buffer A + 1 .0  M KC1. This protein  
so lu tio n  was layered on a 10-30% g ly cero l gradient in  Buffer A + 1 .0  M KC1 
and centrifuged fo r  30 hours at 75,465 x G at 4°. The activ e  fraction s
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were pooled and prepared fo r  storage by p rec ip ita tin g  with. 1 .5  yolumes 
o f a saturated ammonium su lfa te  so lu tio n  and d isso lv in g  the p e lle t  In a 
storage buffer containing 0 .01 M Tris-HCl, pH 7*9, 0.01 M MgCl2 , 0 .1  M 
KC1, 0 .1  mM d ith io th r e ito l,  0 .1  mM EDTA, and 50$ g ly cero l. This so lu tion  
was stored  at=20° at a concentration o f  5 .0  mg per ml. The sp e c if ic  
a c t iv ity  o f the enzyme preparation was determined to  be 1,250 u n its  per 
mg protein  using the assay prescribed by Burgess (112) where one a c t iv ity  
u n it o f enzyme Incorporates 1 mu mole o f AMP In 10 minutes.
Protein concentrations were determined on unpurified fractions  
by the procedure o f  Lowry (113). The protein  concentration o f p u rified
RNA polymerase was determined by observing the o p tica l density at 280 nm
( '"L%)using an ex tin ctio n  c o e ff ic ie n t  o f  E^ gQ = 6 .5 .
RNA Polymerase Assay
A normal low io n ic  strength  assay (y = 0.05) contained 10 ymoles 
Tris-HCl, pH 7-9 , 1 ymole MgCl,-,; 200 my moles ATP, GTP, CIP; 100 my moles 
%-UTP (7,500 dpm/my m oles); 20 my moles d ith io th r e ito l (D1T); 15 yg 
T -^DNA; and 2 .5  yg RNA polymerase in  a f in a l  volume o f 0 .2  ml. Higji io n ic  
strength  assays (y = 0.35) were id e n tic a l to  low io n ic  strength assays 
w ith the addition o f  60 ymoles o f  KC1. Levels o f  spermidine (0.2 to  1.2  
ymoles), spermine(0*02to  1 .2 ym oles), putreseine (2 to  20 ymoles), 
cadaverine (2 to  20 ym oles), and MgCl  ^ (2 to  20 ymoles) were a lso  te s te d  
fo r  e f f e c t s  on the polymerase reaction . Assay tubes were incubated at 
37° and 10 y l  a liq u ots were removed at the appropriate tim es and spotted  
on 25 mm Whatman #40 f i l t e r  paper d iscs which were subsequently a ir  
dried fo r  10 minutes before Immersion in  cold 10$ tr ic h lo r a c e tic  acid  
(TCA). A fter soaking fo r  a t le a s t  15 minutes the f i l t e r s  were washed as 
fo llo w s: tw ice w ith  cold  10$ TCA, tw ice w ith 95$ ethanol, cnce w ith
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absolute eth an o l, and tw ice w ith  anhydrous e th y l eth er. The f i l t e r s  were 
then a ir  d ried , placed In  a counting v ia l  w ith  10 ml o f Qmniflour- 
toluene counting f lu id  and counted In a Packard model 3330 Tri-Carb 
Liquid S c in t i l la t io n  Spectrometer. %-UTP and ^C-ATP were purchased 
from e ith e r  New England Nuclear Corp., Boston, Mass. or In ternational 
Chemical and Nuclear Corp., Irv in e , C aliforn ia . Unlabeled nucleoside  
triphosphates were purchased from Calbiochem, San D iego, C aliforn ia . 
Spermine tetrahydrochloride and putreseine dihydrochloride were purchased 
from Mann Research Laboratory, I n c .,  New York, New York. Cadaverine 
dihydrochlorlde and spermidine trihydrochloride was purchased from 
Calbiochem, San Diego, C aliforn ia .
Analysis o f  Complex-Bound Product RNA
N itro ce llu lo se  f i l t e r  an alysis o f  complexbound RNA was performed 
as described by Witmer (89) w ith some m odifications. 10 p i a liqu ots were 
removed from the assay mixtures at the appropriate times and applied  
directly  to  B6 membrane f i l t e r s  (Schleicher and Schuell I n c .,  Keene,
New Hanpshire) which had been presoaked in  10 mM Tris-HCl, pH 7-9 , 10 irM 
KC1. Washing w ith 50 ml o f the same buffer immediately follow ed. F ilte r s  
were dried by su ction , follow ed by a ir  drying and counting as previously  
described.
Sucrose Gradient A nalysis o f Reaction Mixture
2 .75  pg o f  RNA polymerase was added to  the conplete reaction  
mixture (0 .2  ml) containing 15 pg o f ^2P-T4 DNA (1000 -  1500 dpm per pg) 
at staggered tim es and prepared fo r  sucrose gradient analysis at the same 
time resu ltin g  in  incubation periods o f  5 , 30 and 60 minutes. TWo 10 p i 
aliquots were removed from each, assay tube at the end o f the incubation.
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One 10 p i a liquot was used fo r  a n a lysis  o f  conplex bound RNA as previously  
described w hile the other 10 p i a liquot was used to  determine t o t a l  acid - 
p recip ita b le  counts. The remaining reaction  mixtures were d ilu ted  to  
one ml w ith  d ilu tio n  huffer (50 mM Tris-HCl, pH 7 -9 , 40 nM KC1, and 1 mM 
DTP). 0.2 ml o f  th is  d ilu ted  reaction  mixture was. layered on a 5-20% 
sucrose gradient in  the same buffer w ith  a 0 .2  ml 50% sucrose cushion 
and centrifuged fo r  105 minutes at 114,000 x  G at 4° in  a Spinco SW 50.1  
rotor. Fractions were co llec ted  drop-wise fran the bottom using a 
Hoefer Fractionator. (Hoefer S c ie n t i f ic ,  San Francisco, C a lifo rn ia ).
To each fra ctio n  200 pg o f bovine serum albumin (BSA) was added follow ed  
by 2 .5  ml o f  cold 10% TCA. The p rec ip ita te  was co lle c te d  on Whatman 
GF/A g la ss  f ib e r  f i l t e r s  presoaked in  10% TCA and washed three tim es 
with 2 .5  ml o f  5% TCA. F ilte r s  were a ir  dried and counted.
Sucrose Gradient A nalysis o f  Product RNA S ize
Sucrose gradient an a lysis o f  product RNA s iz e  was performed with  
two d iffere n t gradient systems: NET-SDS gradients and formaldehyde
gradients a fte r  Boedtker (97) as modified by Richardson (96 ). For analysis  
on NET-SDS [0 .1  M NaCl, 0 .1  mM EDTA, 0.01 M Tris-HCl, pH 7-9 , and 0.5#
(w/v) sodium dodecyl s u lfa te ]  grad ien ts, 0 .2  ml assay mixtures were 
incubated at 37° fo r  60 minutes a t which time a 10 p 1 aliquot was removed 
fo r  determination o f t o ta l  acid-pre d p i  tab le  counts. To the remainder 
o f the reaction  mixture 200 pg o f  16 S and 23 S rRNA was added as 
sedim entation markers and the mixture was p rec ip ita ted  w ith 2 volumes o f  
absolute ethanol and stored  overnight a t -2 0 ° . A fter cen trifugation  the  
resu ltin g  p e l le t  was d isso lved  in  0 .6  ml o f  NET-SDS buffer and incubated  
at 60° fo r  5 minutes to  remove aggregates. A 0 .3  ml a liquot was then 
layered on a 5-30% sucrose gradient in  NET-SDS b u ffer  and centrifuged
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fo r  8.5  hours a t  22° at 94,300 x G In a Spinco 27 .1  ro tor . 0 .5  ml 
fraction s were c o lle c te d  and 200 pg o f  BSA was added to  each fractio n  
follow ed by p rec ip ita tio n  w ith  2 .5  ml o f  cold 10$ TCA and f i l t r a t io n  
through Whatman GP/A g la ss  f ib e r  f i l t e r s .  P i l t e r s  were washed three  
times w ith 2 .5  ml o f  cold  5$ TCA, a ir  d ried , and counted in  Omnifluor- 
toluene counting f lu id .  Por an a lysis o f  RNA on formaldehyde grad ients,
40 p i o f  2 .4$ sodium dodecyl su lfa te  (SDS) was added a t 60 minutes 
incubation time to  the 0 .2  ml assay mixtures a f te r  removal o f  5 p i for  
deteim ination o f  t o ta l  ac id -p rec ip ita b le  counts. A fter 3 minutes at 
37° the samples were d ilu ted  to  a f in a l  volume o f  0 .5  ml w ith  0 .1  M 
sodium phosphate b u ffe r , pH 7-7 , and 3$ formaldehyde (v /v ) and heated  
to  65° fo r  15 m inutes. The sanples were then c h il le d  and the SDS 
removed by cen trifugation . 100 p i o f  the supernatant was layered on 
5-20$ sucrose gradients in  the 0 .1  M sodium phosphate, pH 7*7, 3$ 
formaldehyde b u ffer  and centrifuged fo r  5 .5  hours at 189,000 x G in  a 
Spinco SW 50.1  ro tor  at 4°. Fractions were c o llec ted  and treated  w ith  
BSA and cold  TCA as previously  described. 16 S and 23 S rRNA markers 
were centrifuged  in  p a r a lle l  tu b es .
DNA-RNA Hybridization
DNA-RNA hybrid ization  stu d ies were performed according to  G ille sp ie  
and Spiegelman (114) w ith  s l ig h t  m od ification s. Product RNA used in  
hybrid ization  stu d ies was iso la te d  from assay mixtures by a procedure 
suggested by Dr. D. D. Brown (personal communication). At the end o f  
the incubation time the assay mixture remaining, CIO p i a liq u ots having 
been removed fo r  to ta l  a c id -p rec ip itab le  count determ ination) was made 
5 mM with MgCl2 and RNase-free DNase was added to  a concentration o f  
50 pg/ml. Following incubation at 30° fo r  15 m inutes, th is  so lu tion
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was d ilu ted  w ith  an equal volume o f  g la ss  d i s t i l l e d  water and made 0.5$  
w ith SDS. A fter c h il l in g ,  an equal volume o f HgO saturated phenol was 
added w ith  s t ir r in g  a t 4° fo r  15 m inutes. This mixture was transferred  
to  12 ml tapered Corex centrifuge tubes and centrifuged  fo r  20 minutes 
at 4,500 x G In an in tern ation a l 856 rotor a t 4° to  separate phases. The 
aqueous fra ctio n  was transferred  to  a th ick  w alled  15 ml Corex centrifuged  
tube and the RNA was p rec ip ita ted  w ith 0 .4  M NaCl and 2 volumes o f cold  
absolute ethanol and stored  overnight a t  -2 0 ° . The ENA was p e lle te d  by 
cen trifugation  fo r  45 minutes a t 4,500 x G and d isso lved  In 0 .2  ml o f  
0,01 M Tris-HCl, pH 7 .9 . To remove any ENA that survived the DNase 
treatment the sample was placed In a b o ilin g  water bath fo r  2 m inutes, quick  
cooled on ic e  and passed through a M illipore Swinny f i l t e r  holder equipped 
w ith a 13 mm diameter type HA-0.45 P M illipore f i l t e r  (M illipore Corp., 
Bedford, Mass. ) ,  This RNA so lu tio n  was now ready fo r  use in  hybridiza­
t io n  stu d ies .
DNA was denatured and immobilized on membrane f i l t e r s  as described  
by G ille sp ie  and Spiegelman (114). Native DNA was denatured by incuba­
t io n  in  so lu tion  A (2 ml o f  6 N KOH per 100 ml o f  d i s t i l l e d  water) a t  
room tenperature fo r  7 minutes. This denatured ENA so lu tio n  was then 
neu tra lized  w ith so lu tion  B (1  M Tris-HCl, pH 7 .8 , 20 x SSC, and 6 N 
HC1, 9:10:1) to  g ive a f in a l  DNA concentration o f  10 pg per ml (SSC = 
standard sa lin e  so lu tion : 0.15 M NaCl, 0.015 M sodium c i tr a te ) .  2 ml o f
th is  so lu tion  was applied to  S-S type B-6 membrane f i l t e r s  presoaked in  
4 x SSC, f i l t e r e d  slo w ly , washed w ith  10 ml o f  4 x SSC, dried by su ctio n , 
b lo tte d  on f i l t e r  paper, and baked overnight at 70°. The amount o f DNA 
inm obilized on the membrane f i l t e r  was analyzed by heating  f i l t e r s  in
1.5  ml o f  1 N HC1 fo r  20 mLnutes at 100°, cooling and reading the
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absorbance at 260 nm against a 1 N HC1 blank. An absorbance value o f  27 
fo r  a 1 mg per ml denatured ENA so lu tio n  was used fo r  the c a lcu la tio n s .
Annealing was performed in  counting v ia ls  by Inrnerslng f i l t e r s  
In hybrid ization  co ck ta il con sistin g  o f  0 .5  ml o f  2 x SSC, labeled  product 
RNA, and d is t i l l e d  water to  a f in a l volume o f  2 ml and incubating at 70° 
fo r  18 hours w ith constant shaking in  a Dubnoff M etabolic Shaking 
Incubator (P recision  S c ie n t i f ic  Co.,  Chicago, 11 1 . ) .  A fter incubation  
the f i l t e r s  were cooled and washed 5 tim es with 3 ml o f  2 x SSC follow ed  
by a 30 minute incubation at room tenperature w ith 50 yg/ml o f  r ib o -
o
nuclease-A (Sigma Chemical Co.,  St.  L ouis, Mo.) in  2 x SSC. The 2 x SSC 
wash and ribonuclease step s were repeated and follow ing another 2 x SSC 
wash the f i l t e r s  were in d iv id u a lly  soaked in  10-15 ml o f 2 x SSC at room 
tenperature fo r  2 hours. The f i l t e r s  were then b lo tted  dry, placed in  
counting v ia l s ,  baked fo r  2 hours a t 70°  and counted as described  
previously .
Preparation o f  Tenplate DNA
DNA from T4 phage was iso la te d  using the method o f  Thomas and 
Abelson (115) w ith some m odifications. For phage preparation, one 
l i t e r  o f  Hershey's  medium (8 g Nutrient Broth, 5 g peptone, 1 g dextrose,
5 g NaCl, 0 .4  g MgCl2 , 1 L d i s t i l l e d  water) was inoculated  w ith  E. c o l i
o 8BB and grown at 37 to  a c e l l  density o f  5 x 10 per ml (an absorbance
o f  0.09 a t 620 nm w ith a Bausch and Lomb Spectronic 20) .  Tryptophan was
added to  a f in a l  concentration o f  25 yg per ml and the c e l ls  were in fected
w ith T4 phage at a m u lt ip lic ity  o f 0 .1  follow ed by vigorous aeration  at
37° u n t i l  ly s is  was obseryed (3-4 hours). Complete ly s i s  was e ffec te d
by adding 3 ml o f  CHCl  ^ per l i t e r  o f medium and le t t in g  stand fo r  one-half
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horn?. 0 .3  ml o f  1 M CaCl2 , 1 ml o f   ^ M MgClg and 0 .3  ml o f a 1 mg per ml 
pancreatic DNase so lu tio n  were then added per l i t e r  o f  media fo llow ed  by 
Incubation fo r  30 minutes at 37°• C entrifugation at 5,117 x G in  a 
Sorval type GS-3 rotor fo r  20 minutes at 4° follow ed Incubation. The 
supernatant was centrifuged at 13,701 x G fo r  2 hours to  p e l le t  the 
phage. The r e su ltin g  supernatant was carefu lly  removed and the tube 
w alls rinsed  w ith  a b u ffer  con sistin g  o f  10 nM Tris-HCl, pH 7-9 ,  10 mM 
KC1, and 5 mM MgPl2> This bu ffer was added s u ff ic ie n t ly  to  cover the 
p e l le t  and the phage were resuspended by shaking very slow ly overnight 
at room tenperature on a Gyrotory Model S-3 shaker (New Brunswick Scien­
t i f i c  Co., New Brunswick, N .J . ) .  The phage suspension was centrifuged  
at 5,117 x G In a Sorval S S -l rotor fo r  20 minutes and the resu ltin g  
supernatant was centrifuged at 27,000 x G In the same rotor fo r  one 
hour. The phage p e lle t  was resuspended as before and th is  concentrated  
stock  suspension was stored  at 4° over a drop o f CHCl^  to  maintain
op
s t e r i l i t y .  For preparation o f  P-T4 DNA, phage were prepared as before 
except that 3 mCi o f  ^P-phosphate (New England Nuclear, Boston, IVhss.) 
was added per l i t e r  o f  medium at the time o f  In fectio n .
Ip
IMA was extracted  from the ohage suspension (1-2 x 10J phage 
per ml) by added an equal volume o f phenol saturated w ith 100 nM Tris-HCl, 
pH 7-9,  100 irM NaCl, and 2 .0  mM EDTA follow ed by gen tle  shaking on the 
Dubnoff shaking Incubator at room tenperature fo r  30 minutes. This 
so lu tio n  was cooled to  0° and centrifuged fo r  5 minutes a t 1,085 x G to  
separate phases and the hottom phenol layer was removed. Extraction was 
repeated tw ice more fo r  15 and 8 minutes. Follow ing the removal o f the  
phenol layer o f the th ird  ex tra c tio n , the aqueous layer  was centrifuged  
fo r  40 minutes a t 27,000 x G In a Sorval S S -l rotor at 4°. The top 75$
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o f the DNA so lu tion  was then transferred  to  d ia ly s is  tubing (previously  
b o iled  for  20 minutes in 555 NaHCO^  and thorougjnly washed) and dialyzed  
exhaustively against 5 nM Tris-HCl, pH 7.9..’ The d ialyzed  DNA was then  
stored  at 4° over one drop o f CHCl .^ Absorption spectra were obtained  
on a l l  ENA preparations and in  a l l  cases the 260/280 r a tio s  exceeded 
1.75.  To minimize shearing of In tact DNA m olecules, the so lu tion s were 
transferred by pouring rather than by p ip e ttin g .
T7 phage were prepared by in fe c tin g  one l i t e r  o f  E. c o l i  EB, at 
0
a' c e l l  density o f  5 x 10 /ml (with a m u lt ip lic ity  o f  0.1)  a fte r  addition  
o f tryptophan to  a concentration o f 25 pg per ml. Lysis was rapid , 
usually  w ithin  1 -1 .5  hours. Following l y s i s ,  3 ml o f  CHCl^  was added 
per l i t e r  o f medium. After standing fo r  30 minutes at 37° the medium 
was centrifuged at 5,117 x G fo r  20 minutes. The supernatant was brought 
to  0 .5  M with NaCl and 10% with polyethylene g ly c o l 6000 . (J . T. Baker 
Chemical Co., Phillipsburg, N.J.)  and c h ille d  to  4° overnight. Ihe 
polyethylene g ly co l mixture was centrifuged at 5,117 x G for 40 minutes 
and the p e l le t  resuspended in at le a s t  20 volumes o f  Nomura s a l t s .  Ihe 
phage suspension was then centrifuged a t 5,117 x G in  a Sorval SS-1 rotor  
for  20 minutes and the resulting supernatant centrifuged fo r  3 hours at 
39,100 x G to  p e lle t  the phage. The p e l le t  was resuspended, centrifuged  
again at lew speed, and the supernatant was layered on a CsCl gradient 
(density  range 1.38 -  1.70 g per cc) and centrifuged fo r  75 minutes at 
87,651 x G in  a Spinco SW 65 T rotor. The phage band was c o lle c te d , 
d ilu ted  to  an absorbance of 25 at 260 nm, and d ialyzed  against a buffer  
containing 10 mM Tris-HCl, pH 7-9,  10 mM KC1 and 5 mM MgClg. Ihe p u rified  
T7 phage IMA was extracted using the same procedure as for  T4 DNA. Each 
T4 and T7 phage preparation were started  fran a s in g le  plaque.
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E. c o l i  BB, T4 phage, and T7 phage were supplied by Ur*. D. 
MacDonald Green and a l l  phage preparations were conducted In h is  labora­
tory .
Purchased n u c le ic  a d d s  used In these stu d ies included highly  
polymerized c a lf  thymus ENA, E. c o l l  s tra in  B tRNA-stripped (General 
Biochem ical, Chagrin F a l ls ,  O hio), E. c o l l  DNA, and Poly [d(A/T)] (P. L. 
Biochem ical, In c . ,  Milwaukee, Wis. ) .
Highly p u r ified  E. c o l l  16 S and 23 S ribosomal RNA was a 
generous g i f t  to  Dr. Herbst from Dr. Volker Erdmann.
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RESULTS
Section  I : Influence o f  Cations on in  v itr o  Transcription
I t  Is  w e ll documented (23, 78, 82, 89, 94, 100) that in  v itr o  
tran scrip tion  by E. c o l i  DNA-dependent HNA polymerase on n ative  DNA 
tem plates ex h ib its  early  p lateauing a t low io n ic  strength  conditions.
(See Methods sectio n  fo r  d e fin it io n  o f  low and high io n ic  strength  
con d ition s). That i s ,  RNA syn th esis appears to  be lin e a r  fo r  the f i r s t  
10 to  15 minutes o f  the reaction  follow ed by a rapid le v e lin g  o f f  and 
near cessa tion  o f  syn th esis by 60 minutes.
Examples o f early  p lateauing and prevention o f p lateauing by the 
addition  o f  the organic trlam ine spermidine {I^N-(CH2 ) -^NH-(CH  ^ ]
or the monovalent s a l t  KC1 to  the reaction  mixture are i l lu s tr a te d  in  
Figure 1. The presence o f  0 .3  M KC1 in  the reaction  mixture r e su lts  in  
a continuation o f RNA syn th esis in  a near lin e a r  fashion  fo r  120 minutes 
w ith a s lig h t  reduction in  the rate o f  syn th esis observed from 120 
minutes to  240 minutes. Other in v estig a to rs  have reported th is  type o f  
k in e tic  behavior at e levated  io n ic  strength  w ith KC1, NH^Cl, and MgCl2 
(23, 78, 82, 89, 100, 101), 2 .5  mM spermidine i s  a lso  e f fe c t iv e  in  
preventing the early  appearance o f  a p la teau , but the stim ulation  o f RNA 
syn th esis i s  le s s  pronounced.
Figures 2 and 3 show the response e l ic i t e d  by Increasing concen­
tra tio n s o f  KC1 and spermidine resp ectiv e ly  on the tran scrip tion  o f T4 
DNA. At both 60 and 120 minutes e s s e n t ia lly  no stim ulation  o f  RNA syn th esis  
i s  observed a t concentrations o f  0 .1  M KC1 or below. The presence o f  KC1
FIGURE 1
Time course o f  RNA syn th esis  showing early  p lateauing and preven­
tio n  o f  p lateau ing by 2 .5  mM spermidine and 0 .3  M KC1: the reaction  
mixtures contained 50 mM Tris-HCl, pH 7.9* 5 mM MgCl2; 1 mM ATP, GTP, 
and DTP; 0 .5  mM %-UTP (1 .8  x 10^ dpm); 0 .1  nM d ith io th r e ito l (DTT);
15 Mg T^ l DNA; 2 .5  Mg RNA polymerase; and spermidine and KC1 as in d icated . 
Incubation was at 37° fo r  four hours w ith removal o f  10 m1 oiliquots at 
time p o in ts  in d ica ted . A liquots were prepared fo r  counting as described  
in  the Methods se c t io n , (o) low s a l t  con tro l (0 KC1), (.□) low s a l t  +
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Spermidine dose response curve. Reaction mixture and assay 
conditions were as described fo r  Figure 1. (O) 60 minutes incubation
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at concentrations, aboye 0 .1  M r e su lts  in  stim ulation  o f RNA syn th esis  
and optimum ra tes are obseryed a t 0 .3  M-0.31 M KC1. When spermidine i s  
added to  the low io n ic  strength  reaction  mixture (Figure 3 ) ,  a stimu­
la tory  response i s  obseryed at concentrations ranging from 1 mM to  3  mM 
with, optimum stim ulation  observed a t a concentration o f  2 .5  mM. At 
concentrations above 3 mM a p r e c ip ita te , presumably o f  the T4 ten p la te , 
i s  v is ib le  r e su ltin g  in  a marked reduction in  syn th etic  a c t iv ity .
Because spermidine stim ulates in  v itr o  tran scrip tion  in  a much 
le s s  pronounced fashion than KC1, at le a s t  one in v estig a to r  has d is ­
missed the spermidine-mediated stim ulation  as a minimal "salt"  e f fe c t  
(17 ). H iis in terp reta tion  seems inadequate in  view o f  the 100-fold  
d ifference in  the e f fe c t iv e  concentration o f  KC1 and spermidine.
A major d if f ic u lty  in  the establishm ent o f  optimum spermidine 
concentrations can be traced  to  the problem o f ten p la te  p rec ip ita tio n .
Table I  shows th at when an in h ib itory  concentration (.6 irM) o f  spermidine 
i s  added to  a reaction  mixture containing various concentrations o f  KC1, 
syn th esis  at each KC1 concentration i s  markedly enhanced. In terestin g ly  
enough, at a concentration o f 0 .1  M KC1, a concentration at which early  
cessa tion  o f  syn th esis i s  observed, the addition  o f 6 rrM spermidine 
r e su lts  in  a stim ulation  o f  RNA syn th esis  in  excess o f  th a t observed at 
an apparent optimal KC1 concentration o f 0 .3  M. Furthermore, add itional 
stim ulation  by spermidine i s  observed in  assays containing 0 .3  M KC1.
I t  can be concluded that the e lev a tio n  o f io n ic  strength  "protects"  
the ten p la te  present in  the reaction  mixture from p rec ip ita tio n  by 
spermidine. Moderately increased concentrations o f  KC1, in e f fe c t iv e  in  
stim ulating  RNA syn th esis  allow  spermidine-mediated stim ulation  o f  RNA 




Spermidine Enhancement o f  KC1 -  Stim ulated T ranscription .
KC1 (M) Spermidine (nM) Incubation Time (min)
30 60 120 240
cpm (+ cations). + cpm C- cation s) x 1QQ
0 6 23 29 28 21
0 .1  0 103 115 100 103
0 .2  0 156 177 299 282
0 .3  0 332 388 530 555
0 .1  6 272 413 498 583
0 .2  6 366 356 547 619
0 .3  6 325 555 892 916
The reaction  mixtures and assay conditions were as described fo r  
Figure 1.
i s  s ig n if ic a n t  that m illim olar concentrations o f  spermidine can e f fe c t  
such large stim ulatory responses a t moderate and optimal KC1 concentra­
t io n s .
At th is  p o in t, i t  i s  o f  in te r e s t  to  in v estig a te  the properties  
o f  cogeners o f  spermidine such as the diamines putrescine [i^N-CCHg)^- 
NH2J and cadaverine [H ^ - (CH^ )  ^ an<^ i tetranilne spermine IHgN-
CCH2 ) -^l'IH-CCH2 ) ij-NH-CCH2)^-NH2J . Data comparing the e f f e c t  o f  these  
amines and spermidine at four incubation tim es at both high and low s a lt  
conditions are presented in  Tables I I  through- IX. A large number o f  
amine concentrations a t sey era l incubation tim es are conpared in  order 
to  provide a general oyerview o f the r e la t iy e  a c t iv ity  o f  these amines.
A summary o f  these data at one incubation time i s  presented graphically
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In Figures 4 and 5.
P utrescine, as shown in  Table I I ,  e f fe c t iv e ly  stim ulates RNA 
syn th esis over a concentration range o f  60 to  90 mM. By 240 minutes o f  
incubation 80 mM putrescine i s  able to  stim ulate [%]-UMP incorporation  
by a fa cto r  o f  10. Putrescine i s  a lso  stim ulatory a t h igh  io n ic  strength  
(Table I I I ) ,  w ith a maximum stim ulation  o f  2.95 fo ld  observed a t a 
concentration o f  30 mM. Above a concentration o f  30 mM, putrescine i s  
found to  cause in h ib it io n  o f  syn th esis in  reaction s containing 0 .3  M 
KC1. However, i t  must be pointed out that the amount o f  RNA synthesized  
a t high sa lt-p u tresc in e  conditions i s  s t i l l  su b sta n tia lly  greater than 
that obtained at low s a l t  conditions.
TABLE I I
Stim ulation o f  RNA Synthesis by Putrescine; 
Low S a lt  Conditions (O KC1)
Concentration o f  Incubation Time (mini
Putrescine (mM) 3Q gQ 12Q 2ljQ
cpm (+ putrescine) + cpm ( -  p u trescine) x 100
10 115 137 150 172
20 157 185 213 194
30 195 249 276 271
50 217 392 406 —
60 346 417 549 660
70 393 496 566 731
80 424 569 822 1,084
90 500 561 808 1,077
100 169 210 316 387




Stimulation of ENA Synthesis by- Putrescine;
High. Salt Conditions (Q.3 M KC1)*
Concentration o f Incubation Time (min)
m resc3ne/(m M ) ^  ^  ^ 0  240
cpm (+ p u trescine) + cpm ( -  p u trescine) x  1Q0
5 117 113 103 110
10 127 127 135 154
15 131 141 145 l 6 l
20 118 138 154 167
30 171 199 237 295
40 28 39 41 47
50 16 18 20 23
Ihe reaction  mixture and assay conditions were as described fo r  
Figure 1 w ith the addition  o f 0 .3  M KC1.
Tables IV and V show that cadaverine, although not as e f fe c t iv e  
as p u tresc in e , does ex h ib it optimum stim ulatory concentrations in  appro­
xim ately the same range as putrescine at both high and low s a lt  co n d itio n s. 
At low s a lt  con d ition s, a maximum stim ulation  o f  7.09 over the control 
value i s  observed a t 240 minutes by 100 mM cadaverine while, at high s a lt  
conditions, concentrations between 10 and 20 nM are optimum.
Spermidine, at a concentration o f  2 .5  mM r e s u lts  in  a stim ulation  
o f 3 .66  over the low s a lt  con tro l value (Table VI) and w hile concentra­
tio n s as low as 1 nM are stim ulatory , concentrations above 3 mM in h ib it  
RNA sy n th es is . As previously  mentioned, th is  in h ib it io n  i s  associated  
w ith a c lea r ly  y is ib le  p rec ip ita te  observed in  assay mixtures containing  
these concentrations o f  spermidine. At hlgfL s a lt  conditions (.Table V II ) , 
however, no p rec ip ita tio n  i s  observed and spermidine ex h ib its  a stim ulatory
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TABLE iy
Stimulation of RNA Synthesis by Cadaverine:
Low Salt Conditions CO KC1)*
Concentration o f Incubation Time (min)
..Cadayyrlne CniM) ^  ^  m  ^
cpm (+ cadaverine) + cpm C- cadaverine) x 100
10 117 124 131 91
20, 171 183 200 186
30 173 207 209 212
50 188 225 220 239
60 . 240 320 293 319
70 276 343 367 424
90 317 362 422 455
100 304 429 560 709
150 27 25 37 40
The reaction  mixture and assay conditions were as described for  
Figure 1.
TABLE V
Stim ulation o f RNA Synthesis by Cadaverine: 
High S a lt Conditions (0 .3  M KC1)*
Concentration o f Incubation lime (min)
Cadaverine (nM) 30 . 60 120 240
cpm C+ cadaverine) + cpm ( - cadaverine) x 100
10 128 137 149 155
20 78 90 105 121
25 46 51 56 66
30 38 48 53 56
. 40 ............. ..16  . . . ................... 1 9 ...................... . 2 4 ............... 25
9t




Stimulation of RNA Synthesis by- Spermidine:
Low Salt Conditions (0 KC1)*
Concentration o f  Incubation lime Cmln)
Sperari-dine W  ^  ^  ^  2J0
cpm (+ spermidine) + cpm ( -  spermidine) x  100
0.5 101 106 — —
1.0 145 176 203 244
2 .0 197 243 275 329
2 .5 212 262 308 366
3 .0 162 228 233 269
3 .5 40 63 69 88
4.0 26 15 13 12
*
Ihe reaction  mixture and assay conditions were as described fo r  
Figure 1.
TABLE VII
Stim ulation o f  RNA Synthesis by Spermidine: 
High S a lt  Condition (0 .3  M KC1)*






cpm (+ spermidine) + cpm (-- spermidine) x 100
2 105. 127 135 127
3 135 129 l 4 l 152 .
4 142 145 167 163
6 140 . 144 196 225
8 118 138 178 196
............... IQ ..................... 119 ..................... 1 1 8 ...................... .143 ............... 155
«
The reaction mixture and assay conditions were as described for
Table III.
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response oyer a large range o f  concentrations showing a stim ulation  o f  
1.55 oyer the h igh  s a lt  control yalue eyen at IQ mM, and a 2 .5  fo ld  
stim ulation  at an optimum concentration o f  6 mM.
Spermine at low io n ic  strength  cond itions, i s  10 times more 
e f fe c t iv e  than spermidine in  stim ulating  I%]~UMP incorporation ex h ib itin g  
a maximum 3-29 fo ld  stim ulation  o f the control reaction  a t a concentra­
tio n  o f  0.25 nM (Table "VIII). Above th is  concentration spermine i s  very 
in h ib itory  a lso  causing the appearance o f  a v is ib le  p rec ip ita te  in  the 
reaction  mixture. At high io n ic  strength  conditions (Table IX) spermine 
behaves s im ila r ly  to  spermidine exh ib itin g  a stim ulatory response o f  
2.79 over the high s a lt  con trol value at a concentration o f 6 mM.
TABLE VIII
Stim ulation o f RNA Synthesis by Spermine:
Low S a lt Conditions (0 KC1)
Concentration o f  Incubation Time (min)
-SPgnnlne (mM). .  ^  60 120 MO
cpm (+ spermine) + cpm ( -  spermine) x 100
0.10 131 155 169 186
0.25 184 232 275 329
0.50 13 13 13 25
1.00 10 9 11 14
2.00 9 8 8 32
3.00 .10 . . .............  7 14 17




Stimulation of RNA Synthesis by Spermine;
High- Salt Concentration CO .3 M KC1)
Concentration o f Incubation Time (min)
— .Qffl). . 30 go i 20_ 240
cpm C+ speimine) + cpm ( -  spermine) x 100
0.10 101 95 101 91
0.25 105 93 106 96
0.50 126 120 136 137
1.00 142 152 179 174
2.00 152 156 194 219
3.00 139 169 206 273
4.00 110 152 199 242
6.00 140 227 232 279
Ihe reaction  mixture and assay conditions were as described fo r  
Table I I I .
- | -  | -
The inorganic d ivalent cation  Mg has a lso  been reported to
stim ulate in  v itr o  RNA syn th esis (77 , 78). Furthermore, Mg"1"*" and
spermidine appear to  have s im ilar  r o le s  in  d iverse in tera ctio n s o f
n u c le ic  acids (93, 117, 120). I t  was o f in te r e s t ,  th erefo re , to  coirpare 
| -  |
the a c t iv ity  o f  Mg and spermidine in  the in  v itr o  tran scrip tion  system s.
|  |-
Tables X and XI show that Mg i s  s im ila r , w ith  respect to  the
le v e l  o f  stim ulation  and concentration range, to  the organic d ivalent
ca tio n s , putrescine and cadaverine, at both s a lt  cond itions. At low KC1 
++concentrations, Mg . i s  stim ulatory oyer a concentration range o f  50 to  
100.mM w ith  an optimum stim ulation  o f 12.64 oyer the control obseryed at 
a concentration o f 80 rrM. A concentration range o f  10 to  20 irM appears 
to  be optimal at hign. KC1 concentrations w hile a concentration o f  50 nM
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TABLE X
Stimulation of RNA Synthesis by MgCl„;
Low Salt Conditions CP KC1)* d
Concentration o f Incubation lime (min)
cpm (+ MgCl2) + cpm C- MgCl2) x 100
10 I l l 131 143 145
15 123 182 —
20 152 186 205 230
50 268 401 551 649
60 . 252 372 485 686
70 216 420 599 803
80 . 178 573 868 1,264
90 6 l 383 629 507
100. 48 220 282 370
Ihe reaction  mixture and assay conditions were as described fo r  
Figure 1 fo r  the control tube. In the remaining reaction  v e s s e ls ,  
5 mM MgCl2 i s  replaced by the MgCl2 concentrations ind icated .
TABLE XI
Stim ulation o f  RNA Synthesis by MgCl9 :
High S a lt Conditions (.0.3 M KC1)*
Concentration o f  Incubation lin e  (min)
cpm (+ MgCl2) + cpm (MgCl2 ) x  100
10 127. 133 153 l 6 l
15 123 163 178 185
20 127. 170 164 185
30 41 44 50 50
40 17 22 23 21
■50............. . . . .  . 7 ..........  8 ......... .............1 2 ......... 8
*
Ihe reaction  mixture and assay conditions were a s  described fo r  Table 
I I I  fo r  the control tube. In the remaining reaction  tubes 5 mM MgCl2 
i s  replaced by the MgCl2 concentrations ind icated .
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in h ib its  RNA syn th esis  t o .a  le y e l  eyen below th at o f the low s a l t  control.
Ihe responses e l i c i t e d  by these compounds w ith  regard to  concen­
tra tio n  range and le y e l o f  stim ulation  o f  the in  V itro  RNA syn th etic  
reaction  can be arranged in to  severa l c la sse s  or groups. One c la ss  i s  
represented by KC1 which i s  activ e  in  preventing early  cessa tion  o f  
syn th esis  at concentrations above 0 .1  M and stim ulating RNA synthesis  
some 7-8 fo ld  a t a concentration o f  0 .3  M. Other in v estig a to rs  have 
reported s im ila r  r e su lts  fo r  NH^Cl, (.78) .
A second c la ss  i s  represented by the d iva lent cations Mg , 
p u trescin e, and cadaverine which ex h ib it a 6 to  12 fo ld  stim ulation  o f 
RNA syn th esis  at concentrations ranging from 50 to  100 mM. These 
compounds are a lso  stim ulatory in  the presence o f  0 .3  M KC1 g iv ing  
incorporation values 1 .5  to  2 fo ld  greater than the high s a lt  control 
value at concentrations ranging from 10 to  30 mM.
A th ird  category i s  represented by the polyamines spermine and 
spermidine which ex h ib it stim ulation  o f  2 to  3 fo ld  a t concentrations 
o f 0,25 irM and 2 .5  mM resp ec tiv e ly . At concentrations above the apparent 
optimum, a v is ib le  p rec ip ita te  i s  observed in  the reaction  mixture 
r esu ltin g  in  in h ib it io n  o f  RNA sy n th es is . Higher concentrations o f  
spermidine and, presumably spermine, in  the presence o f  low concentrations 
(0 .05  -  0 .1  M) o f  KC1, which prevent the appearance o f  any p rec ip ita te  
in  the reaction  m ixture, stim ulate RNA syn th esis  by 8 to  10 fo ld . Both 
amines a lso  appear to  stim ulate RNA syn th esis  2 to  3  fo ld  even at an 
eleyated  io n ic  strength- CO.3 M KC1).
fig u r e s  4 and 5 present in  graphic form the stim ulatory e f f e c t  
o f  c la ss  2 and 3  compounds resp ec tiv e ly  at one incubation time (.120 m in .)
| - j -
and at both KC1 concentrations. The dose response p r o f ile s  o f  Mg and
FIGURE 4
Dose response curves fo r  MgCl2 , p u tresc in e , and cadaverine at 
120 minutes a t both low [A] and high [B] s a lt  cond itions. Reaction  
mixtures and assay conditions were as described fo r  Tables II-V  and X-XI. 







Dose response curves for  spermine and spermidine at 120 minutes 
at both low and high s a lt  cond itions. Reaction mixtures and assay condi­
tio n s  were as described fo r  Tab le x  VI -  IX. (A) spermine lov; s a l t  condi­
t io n s ,  (A) spermine high s a lt  con d ition s, (O) spermidine low s a lt  condi­
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putrescine (Figure -4) are s tr ik in g ly  s im ilar  at both KC1 concentrations. 
Cadaverine requires s l ig h t ly  higher concentrations fo r  maximum stim ula­
tio n s  but in  a l l  three cases the optimum concentration i s  much lower in  
the presence o f 0 .3  M KC1 than in  i t s  absence. Spermidine and e sp e c ia lly  
spermine (Figure 5) show sharp optima at low io n ic  strength  and very  
broad dose response p r o f ile s  at high KC1 concentrations.
Since c la ss  2 and c la ss  3 compounds were stim ulatory, even a t
high KC1 concentrations, i t  was o f  in te r e s t  to  see whether a member o f
c la ss  3 , e .g * , spermidine, would be stim ulatory in  the presence o f
4**^optimum concentrations o f  a c la ss  2 compound, e . g . ,  Mg , a t  e ith e r  high 
or low KC1 concentrations. Table XII in d ica tes  that spermidine i s  not 
stim ulatory a t an optimum Mg concentration o f  80 mM in  the absence o f  
KC1. In f a c t ,  the le v e l  o f  RNA syn th esis  tends toward low s a lt  control 
values as the spermidine concentration i s  increased. S im ilar r e su lts  
are evident a t high KC1 concentrations (Table XIII) in  the presence o f  
20 mM MgCO^ * However, i t  should be pointed out that in  experiments w ith  
added spermidine in  the presence o f  suboptimal concentrations o f  MgCl2 , 
RNA syn th esis  i s  observed to  reach le v e ls  higher than that observed a t 
optimum concentrations o f e ith er  compound alone.
At le a s t  one in v estig a to r  (116) has dism issed the p o s s ib i l i ty  
that polyamines act in  a rather s p e c if ic  manner to  stim ulate In v itr o  
RNA syn th esis by a ttr ib u tin g  the action  o f  polyamines simply to  th e ir  
contribution to  the net io n ic  strength . Figure 6 conveniently shows that 
a s t r ic t  re la tio n sh ip  between io n ic  stren gth  and in  v itr o  RNA syn th etic  
a c t iv ity  does not e x i s t .  In a l l  ca se s , the presence o f  polyamines or 
divalent cations r e su lts  in  a much greater contribution to  the syn th etic  
a c t iv ity  than to  the net io n ic  stren gth  o f  the rea c tio n  media.
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TABLE XEI
Stim ulation o f  RNA Synthesis at Optimum MgCl2 Concentration (80 mM) 
by Spermidine; Low S a lt  Conditions (6 KC1 )
Concentration o f Incubation Time Grin)
Spermidine' (itM) 30 60 120
cpm/lOA
240
0 1,143 3,292 5,805 8,116
2 1,081 2,690 5,090 7,395
3 1,624 3,004 4,415 6,040
5 896 2,444 4,690 6,430
6 855 2,480 4,049 6,053
8 719 1,755 2,760 3,756
10 598 1,426 1,941 2,366
Ihe reaction  mixtures contained 50 nM Tris-HCl (pH 7 .9 );  80 mM MgCl2;
1 mM ATP, CTP, and GTP; 0 .5  mM 3H-UPT (1 .8  x 10° dpm); 0 .1  mM D1T; ^
15 yg Til ENA; 2 .5  yg o f  RNA polymerase; and the in d icated  concentration  
o f spermidine.
TABLE XIII
Stim ulation o f  RNA Synthesis a t Optimum MgClp Concentration (.20 niM) 
by Spermidine: High S a lt Condition (0 .3  M KC1)
Concentration o f Incubation Time (min)
Spermidine (mM) 30 60 120 240
cpm/lOA
0 2,727 5,309 6,925 9,643
2 2,235 4,247 6,412 9,094
3 2,668 4,843 6,275 8,277
5 2,088 3 ,918 5,621 8,276
6 1,831 3,193 3,989 5,483
8 1,401. 2,366 3,147 4,039
.. 10 ............. ■ 291 ........ 523 ................... 601 ■ 639
* Reaction mixtures contained 50 mM Tris-HCl (pH 7 .9 )]  20 nM MgCl? ; 1 mM 
ATP, CTP, and GTP; 0.5  mM -^ H-UTP (1 .8  x  106 dpm); 0 .1  mM DTT; 073 M KC1; 
15 yg T4 DNA; 2 .5  yg RNA polymerase; and the in d icated  concentration o f  
spermidine.
FIGURE 6
R elationship o f io n ic  strength  and RNA polymerase syn th etic  
a c t iv ity :  the various reaction  mixture contain: (A) 2 .5  nM spermidine,
(B) 0 .1  M KC1, (C) 0 .1  M KC1 + 6 nM spermidine, QD) 80 nM p u trescin e,
(E) 80 nM MgCl2 , (F) 0 .2  M KC1, (G) 0 .3  M KC1, (H) 0 .3  M KC1 + 6 mM 
spermidine, and (I) 0 ,3  M KC1 + 30 nM p u trescin e.
57
Oil 0.2 0.3
IONIC S T R E N G T H
58
Section  I I : Comparison o f KC1 and spermidine-mediated stim ulation  o f
in  v itr o  RNA sy n th e s is .
Data previously presented in  th is  th e s is  (Figure 6) strongly  
in d ica tes  that the a c t iv ity  o f  polyamines in  stim ulating in  v itr o  RNA 
syn thesis cannot simply be a ttr ib u ted  to  th e ir  contribution to  the net 
io n ic  strength . However, i t  was s t i l l  f e l t  that any experiments con­
ducted in  an e ffo r t  to  determine the mechanism o f  action  o f  polyamine- 
mediated stim ulation  should be designed so as to  allow  d irect comparison 
with the e f f e c t  o f  KC1.
Figure 7 summarizes the r e su lts  from a large number o f  experi­
ments performed w ith severa l preparations o f  T4 DNA template and E. c o l i  
RNA polymerase. Stim ulation by 2 .5  mM spermidine appears to  be nearly  
lin e a r  over most o f  the time course, w ith l i t t l e  e f f e c t  observed during 
the f i r s t  few minutes o f  incubation. Stim ulation by 0 .3  M KC1, on the 
other hand, occurs prim arily in  the f i r s t  60 minutes o f  the four hour 
incubation period. The stim ulatory response to  6 mM spermidine in  the 
presence o f  0 .1  M KC1 appears to  be very s im ilar  to  that obtained with  
0 .3  M KC1 in  the f i r s t  hour o f  syn th esis; however, more a c t iv ity  i s  
observed a fte r  60 minutes in  the former case. 6 mM spermidine in  the 
presence o f  0 .3  M KC1 shows comparatively l i t t l e  stim ulation  in  the f i r s t  
20 m inutes, but, by 60 minutes more, a c t iv ity  i s  observed than i s  exh ib ited  
by 0 .3  M KC!U and considerable a c t iv ity  i s  observed in  the ensuing 3 hours.
Figure 8 shows the i n i t i a l  rate o f  RNA syn th esis as influenced  
by 0 .1  M KC1, 0 .1  M KC1 + 6 mM spermidine and 0 .3  M KC1. The incubation  
temperature in  these experiments i s  25°  rather than 37° ,  reducing the 
reaction  ra te  fo r  a more c r i t ic a l  examination o f  early  k in e t ic s . Synthesis
FIGURE 7
Suirmary o f  k in e t ic  behavior exh ib ited  a t  various spermidine and 
KC1 cond itions. The reaction  mixture and assay conditions have previously
been described. Data i s  presented as cpm incorporated in  presence o f
KC1, spermidine, or both d ivided by cpm incorporated in  th e ir  absence 
a l l  m u ltip lied  by 100. (O) 2 .5  mM sperm idine, (□) 0 .3  M KC1, (®) 6 mM
spermidine + 0 .1  M KC1, (a ) 6 mM spermidine + 0 .3  M KOI. The ca lcu lated  
io n ic  strength  fo r  each reaction  mixture i s :  0 .05 for the low s a lt  con­
t r o l ,  0.06 fo r  the 2 .5  mM spermidine assay , 0 .18 for  the assay containing  
0 .1  M KC1 + 6 mM spermidine, 0 .35 fo r  the 0 .3  M KC1 reaction , and 0 .38 fo r
the assay containing 0 .3  M KC1 + 6 mM spermidine.
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Comparison o f  i n i t i a l  ra tes  exh ib ited  by reaction  mixtures con­
ta in in g  0 KC1 ( • ) ,  0 .1  M KC1 (□ ), 0 .3  M KC1 (O), or 6 mM spermidine + 
0 .1  M KC1 (v ) . The reaction  mixtures contained 50 mM Tris-HCl, pH 7 .9 ;
5 mM MgCl2 ; 0 .2  mM GTP, CTP, and UTP; 0 .2  mM ^C-ATP (1 .2  x 105 dpm);
0.1  mM DIT; 14 yg TH DNA; 5 yg RNA polymerase; and the in d icated  amounts 
o f  spermidine and KC1. The incubation temperature was 25°. In set shows 

















In the presence o f  0 .3  M KC1 ex h ib its  an early  la g  phase w hile spermi­
dine In the presence o f  0 .1  M KC1 although showing no la g , does Induce 
l i t t l e ,  I f  any, stim ulation  during the f i r s t  ten minutes at th is  reduced 
temperature. The In set shows that syn th esis  In the presence o f  0 .1  M 
KC1 I s  sim ilar  to  that observed by the control reaction  and that a f te r  
ten  minutes there i s  l i t t l e  d ifference In the rate o f  syn th esis as 
influenced  by 6 mM spermidine + 0 .1  M KC1 and 0 .3  M KC1.
Figure 9 presents a comparison o f  the e f f e c t  o f  0 .3  M KC1 + 6 mM 
spermidine and 2 .5  mM spermidine on the i n i t i a l  ra tes o f  RNA sy n th e s is . 
Both conditions r e s tr ic t  syn th etic  a c t iv ity  s l ig h t ly  during the f i r s t  ten  
minutes o f  Incubation, however, some stim ulation  i s  observed a fte r  30 
minutes as shown In the In se t . I t  must be remembered that the data  
obtained from assays Incubated a t 25°  i s  not d ir e c tly  comparable to  
data obtained from an experiment carried  out a t the 37° temperature sin ce  
the rate o f  syn th esis i s  considerably reduced a t the lower tenperature. 
However, the k in e t ic  behavior exh ib ited  in  Figures 8 and 9 do agree w e ll  
w ith that expected from the r e su lts  contained in  Figure 7.
The combined data from Figures 7S 8 and 9 shows the absence o f  
any large stim ulatory response by e ith e r  s a l t  or spermidine in  the early  
part o f  the RNA syn th etic  reaction . The o v era ll and i n i t i a l  syn th etic  
ra tes in d ica te  th at stim ulation  e ffe c te d  by KC1 and spermidine becomes 
read ily  apparent only at about that time when the control reaction  s ta r ts  
to  p lateau . Spermidine, e sp e c ia lly  appears to  have l i t t l e  e f f e c t  on RNA ' 
syn th esis a t e ith e r  low, moderate, or high io n ic  strength  conditions at 
the early  time po in ts in  the reaction  but i s  most e f fe c t iv e  a fte r  
plateauing o f  the reaction  i s  expected to  take p lace .
FIGURE 9
Comparison o f  i n i t i a l  ra tes o f  RNA syn th esis exh ib ited  by reaction  
mixtures containing 0 KC1 (®), 2 .5  mM spermidine (O) , and 6 mM spermidine 
+ 0 .3  M KC1 (□ ). Reaction mixtures and assay conditions (25°) were as 
described fo r  Figure 8.
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I t  can be argued th a t prior to  the onset o f  p lateau in g , stim ula­
tio n  o f  RNA syn th esis i s  due to  e ith e r  an increased rate o f  in it ia t io n  
or chain elongation  or both , w hile once the p lateau phase has been 
reached, the ra tes o f  in it ia t io n  and elongation  are o f  l i t t l e  importance 
i f  the polymerase i s  not free  to  r e in it ia t e .
With th is  reasoning and because the spermidine e f fe c t  i s  much 
more apparent a t la te r  times in  the RNA syn th etic  rea c tio n , i t  was f e l t  
that an in v estig a tio n  and comparison o f the e f f e c t s  o f  spermidine and 
KC1 on the term ination events, including re lea se  o f  product RNA and 
r e in it ia t io n  would be o f  value.
However, i t  i s  important to  know i f  th is  stim ulatory e f f e c t  o f  
KC1 and spermidine i s  a un iversal phenomenon w ith respect to  the DNA 
tem plates used or i f  i t  i s  pecu liar  to  the T4 ten p la te . Table XIV pre­
sen ts the r e su lts  o f  an experiment conducted to  determine the e f f e c t  o f  
spermidine on tran scrip tion  o f  5 template preparations in  the absence o f  
KC1. Transcription o f  T4 DNA i s  stim ulated approximately 3 fo ld  by 2 mM 
spermidine w hile tran scrip tion  o f c a l f  thymus DNA and T7 DNA are a lso  
stim ulated about 3 fold> but at a spermidine concentration o f  3 mM in  the  
former case and 4 mM in  the la t t e r .  Transcription o f  both E. c o l i  DNA 
and poly [d(A-T)J i s  approximately doubled by spermidine a t concentration  
o f 3 mM and 8 mM r e sp ec tiv e ly . I t  i s  in te r e stin g  to  note that p rec ip ita ­
t io n , ind icated  by the a s te r is k , i s  observed at low spermidine concentra­
tio n  in  reaction  mixtures containing a very large molecular weight tenplate, 
such as T4 ENA, and i s  not observed in  reaction  mixtures containing low 
molecular weight template^ such as poly [d(A-T)j and T7 DNA, even a t  
r e la t iv e ly  high concentrations o f  spermidine (8 mM).
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TABLE XIV
Effect of Spermidine on Transcription of
Several DNA Templates+
line (mM) T4 C T E. c o l i poly T7
DNA DNA DNA [d(A-T)] DNA
[%] UMP Incorporated: cpm/20 y l
0 1,284 1,280 437 4,529 1,093
1 2,900 2,845 673 5,827 1,971
2 4,148 3,238 613 6,903 2,675
3 3,460 4,058 838 7,623 2,920
4 138* 3,386 633 7,446 4,043
6 r*176  ^ *639
„  *580 7,962 3,340
8 275 264* 327* 8,414 —
#
t
-  P rec ip ita te  Observed in  Assay Mixture
The 0 .2  ml reaction  mixtures contained e ith e r  15 yg T4 DNA, 14.5 yg 
c a lf  thymus DNA, 19 yg E. c o l i  DNA, 14.4 yg Poly [d(A-T)] , 10.6 yg o f  
T7 DNA and in  a l l  cases 2 .5  yg o f  RNA polymerase, lime o f incubation  
was 180 m inutes. C T = c a l f  thymus.
Table XV shows the e f f e c t  o f  KC1 on the tran scrip tion  o f  these  
same tem plates. I t  i s  immediately n oticed  that KC1 i s  markedly more 
e f fe c t iv e  in  stim ulating  tran scrip tion  o f  T4 and T7 tem plates showing 
some 6 - 7  fo ld  stim ulation  by 180 minutes o f  incubation. Transcription  
o f  c a lf  thymus DNA, E. c o l i  DNA and poly Id(A-T)] i s  stim ulated  to  a 
le s s e r  degree by high concentrations o f  KC1 than by low concentrations 
o f  spermidine.
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TABLE XV
E ffect o f  KC1 on Transcription o f  Several DNA Templates
Concentration o f T4 C T E. c o l i poly T7
KC1 (M) DNA DNA DNA (d(A-T)J DNA
[%J UMP Incorporated: cpm/20 n i
0.00 1,482 1,500 223 3,403 1,361
0.10 1,732 2,850 261 5,291 —
0.20 5,500 3,384 344 6,622 6,027
0.25 8,656 3,576 365 6,914 6,374
0.30 10,628 2,894 378 5,443 3,912
0.40 804 830 250 2,035 —
Reaction mixtures were as described in  Table XIV.
Since data from Table XV ind icated  th at KG1 e l i c i t e d  very l i t t l e  
stim ulation  o f  c a l f  thymus DNA tra n scr ip tio n , i t  was considered o f  
in te r e s t  to  in v e stig a te  the in flu en ce o f  spermidine on tran scrip tion  o f  
c a l f  thymus DNA at interm ediate (0 .1  M KC1) and high (0 .3  M KC1) KOI 
concentrations. As shown in  Table XVI, spermidine does stim ulate trans­
crip tion  o f  T4 DNA a t both s a lt  conditions but, under the same conditions, 
i s  very much le s s  e f fe c t iv e  in  stim ulating  c a l f  thymus DNA tran scr ip tion . 
A comparison o f  Table XIV and XVI reveals that spermidine stim ulates RNA 
syn thesis some 3 fo ld  a t both conditions o f  0 KC1 and 0 .1  M KC1, although  
requiring a s l ig h t ly  greater concentration in  the la t t e r  case. Essen­
t i a l l y  no stim ulation  o f  c a lf  thymus DNA tran scrip tion  by spermidine i s  
observed in  the presence o f 0 .3  M KC1. I t  appears, then , that spermidine 
in  the presence o f  high s a lt  concentrations, as in  the case o f  0 .3  M KC1 
alone, i s  not h igh ly  e f fe c t iv e  in  increasing tran scrip tion  o f  c a l f  thymus
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DNA; although spermidine, in  the absence o f  KC1 or a t an interm ediate  
KC1 concentration, i s  moderately e f f e c t iv e .  The nature o f  the tenp late  
does, th erefore , p lay a ro le  in  cation-mediated stim ulation  o f  in  V itro  
tran scrip tion .
TABLE Xyi
Comparative E ffec t  o f  Spermidine on Transcription o f  
T4 and Calf Thymus DNA at Intermediate CQ.l M KC1). 
and High CO.3 M KC1) S a lt  Conditions*
l^i
Concentration o f  Concentration o f  Tenplate C-cpm/2Q .pi
Spermidine CmM) KC1 CM) ' ' ' .......................
0 0 .1 Tij 2,177
4 0.1 T4 12,209
6 0 .1 T4 13,923
8 0.1 T4 14,912
0 0 .3 t4 10,328
4 0 .3 TH 13,387
6 0 .3 T4 15,766
8 0 .3 T4 14,886
0 0 .1 CT 1,309
4 0.1 CT 3,288
6 0 .1 CT 4,069
8 0 .1 CT 3,961
0 . 0 .3 CT 2,314
4 0 .3 CT 2,813
6 0 .3 CT 3,008
8 0 .3 CT 2,789
#
The reaction  mixture contained 50 mM Tris-HCl, pH 7 -9 J 5 mM MgClp;
1 mM ATP, GTP, and CTP; 0 .5  mM ^C-UTP (4 x 105 dpm); 0 .1  nM DTT;
12 pg T4 DNA or 15 Pg c a lf  thymus ENA; 5 pg RNA polymerase; and the 
amount o f  KC1 or spermidine in d icated . The incubation time was 120 
minutes. CT = c a lf  thymus.
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Bremer and Konrad (94) reported, almost a decade ago, that RNA 
m olecules synthesized  in  v itr o  under low Ion ic strength conditions remain 
conplexed w ith  the ten p la te  and polymerase r e su lt in g  In an RNA-enzyme- 
DNA complex s u f f ic ie n t ly  s ta b le  to  survive sedim entation through a sucrose 
gradient. They noted , however, that I f  the reaction  was conducted a t  
high Ion ic stren gth , re lea se  o f  the nascent RNA was observed. Richardson 
(2 3 ), using the n itr o c e llu lo se  membrane f i l t e r  method, developed by Jones 
and Berg (37), reported th at prior to  30 minutes o f  Incubation, a t low 
Ion ic stren gth , a l l  the newly synthesized  RNA remained conplexed, but 
a fte r  30 m inutes, the amount o f  complex bound RNA decreased u n til, at 180 
minutes, only 50$ o f  the to ta l  RNA ex isted  in  the conplexed form. In 1970 
M ille tte  and T rotter (100) reported a large sca le  re lea se  o f  nascent RNA 
from the tran scrip tion  conplex even a t low s a l t  cond itions. More recently, 
Witmer (89) reported data confirming the e a r l ie r  work o f  Bremer and Konrad.
Since KG1 had previously been reported to  f a c i l i t a t e  re lea se  o f  
RNA from the tran scrip tion  conplex, i t  was f e l t  that spermidine a lso  
would allow re lea se  thus accounting fo r  the observed spermidine-mediated 
stim ulation  o f  RNA sy n th es is .
The n itr o c e llu lo se  meirbrane f i l t e r  method, in  which complex-bound 
RNA i s  reta ined  by the membrane f i l t e r  w hile free  RNA i s  not, (123) was 
used to  t e s t  th is  theory. By determining the to ta l  RNA synthesized  by 
p rec ip ita tio n  w ith TCA, as mentioned in  the Methods se c t io n , and conparing 
that value w ith the amount o f  RNA reta ined  by the membrane f i l t e r ,  an 
estim ate o f the amount o f  free  RNA was made.
Figure 10 shows that the r e s u lts  o f membrane f i l t e r  an a lysis  o f  
reaction  mixtures incubated fo r  120 minutes in  the presence and absence 
o f 2 .5  mM spermidine in  the absence o f  KC1. In the absence o f  spermidine,
FIGURE 10
Determination o f  t o ta l  and bound RNA synthesized  in  the presence 
and absence o f  2 .5  mM spermidine by the n itr o c e llu lo se  membrane f i l t e r  
a n a ly s is :  the reaction  mixtures contained 50 mM Tris-H Cl, pH 7-9 ; 5 mM
MgCl2 ; 1 mM ATP, CTP, and GTP, 0 .5  mM 3H-UTP (1 .8  x 106 dpm); 0 .1  mM DOT; 
15 Mg 32P-T4 DNA (1,500 dpm/tag) ; 2 .5  Mg RNA polymerase. Incubation tem­
perature was 37°• A d e ta iled  d iscu ssion  o f  f i l t e r  a n a lysis  i s  presented  
in  the Methods se c t io n . (O) t o t a l  ^ -cpm  incorporated (minus sperm idine),
. ( • )  %-cpm reta ined  by membrane f i l t e r  (minus sperm idine) ,  (□) t o t a l  3H- 













the to ta l  Incorporated H-UMP counts reached a p lateau between 15 and 
30 m inutes, and remained constant fo r  the remainder o f  the two hour 
incubation period. Only 50% o f the to ta l  incorporated JH-UMP was retained  
by the membrane f i l t e r  a t 60 m inutes, decreasing to  25% by 120 minutes.
This suggests that 50% o f  the RNA was re leased  by 60 minutes and th a t as 
much as 75% o f the to ta l  RNA was free  RNA a t 120 minutes. With 2 .5  mM 
spermidine, no plateau was observed and the amount o f  la b e l retained  by 
the membrane f i l t e r  reached a maximum a t  about 30 minutes and remained 
constant fo r  the remaining 90 m inutes, in d ica tin g  that much o f  the RNA 
was released  under these conditions as w e ll. These r e su lts  are unexpected, 
in  th a t complex-bound RNA appears to  be released  even at early  tim es at 
low io n ic  strength  cond itions. I t  i s  in te r e st in g  to  note that the amount 
o f complex-bound RNA observed in  the presence o f  2 .5  mM spermidine i s  the 
same as the to ta l amount o f  RNA synthesized  in  the absence o f  spermidine. 
This in d ica tes that tran scrip tion  stops a fte r  one round o f syn th esis at 
low io n ic  strength  sin ce the to ta l  amount o f  RNA synthesized in  the 
absence o f  spermidine i s  equal to  the maximum amount o f  RNA present in  
an a ctiv e  tran scrip tion  complex found in  the presence o f  spermidine; a
s itu a tio n  where early  plateauing i s  not observed.
02
P-labeled  T4 DNA was used as template in  these experiments in  
order to  provide an in d irec t method o f  observing the re lea se  o f  the RNA 
polymerase from the tran scrip tion  complex. Jones and Berg (37) had 
previously reported that n eith er RNA polymerase nor DNA was retained  
separately by n itr o c e llu lo se  f i l t e r s  but; that they were retained  i f  
conplexed w ith each other. Furthermore, Freeman and Jones (121) had 
suggested th a t the binding o f  a t le a s t  5 RNA polymerase molecules to  one 
DNA molecule was required before the complex was reta ined  by the membrane
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f i l t e r .  Therefore, i t  follow ed that i f  the RNA polymerase i s  re leased
from the DNA ten p la te , a reduction in  P -label retained  by the membrane
■32
f i l t e r  would r e s u lt .  No such reduction in  filter-b ou n d  P-counts was
32
observed in  these experiments. In f a c t ,  the amount o f  J P -label 
retained  by the membrane f i l t e r  was equal to  the to ta l  TCA-precipitable
32
P-counts throughout the en tire  reaction  period.
The data were in terpreted  as in d ica tin g  that a t low io n ic
strength con d ition s, in  the absence o f  r e in it ia t io n  but w ith re lea se  o f
nascent RNA, the polymerase i s  not re leased  but remains w ith the DNA.
However, th is  in terp reta tion  may not be v a lid  in  the l ig h t  o f  a recent
report by Hinkle and Chamberlin (38) in d ica tin g  that the polymerase by
i t s e l f  s t ic k s  to  the membrane f i l t e r  and that only one polymerase per
DNA molecule i s  required fo r  reten tion  o f  DNA by the f i l t e r .  In l ig h t
32o f these r e s u lt s ,  in terp reta tion  o f  the P -retention  data i s  made d i f f i ­
c u lt .
One might ask whether spermidine has any e f fe c t  upon the tendency
o f the membrane f i l t e r  to  re ta in  %-RNA. Table XVII shows that when
spermidine was added to  one h a lf  o f  a low s a l t  reaction  mixture to  a
concentration o f  2 .5  mM and the to ta l  TCAr-precipitable and filter-b oun d
RNA was determined fo r  both halves o f  the reaction  m ixture, no d ifference
in  binding was observed. Thus, spermidine appears to  have no e f f e c t  upon
determination o f  e ith e r  to ta l  or complex-bound RNA.
Since the membrane f i l t e r  an a lysis  y ie ld ed  unexpected r e s u lt s ,
sucrose gradient a n a lysis  o f  the reaction  mixtures were performed. Low
io n ic  strength reaction  m ixtures, w ith and w ithout spermidine, and con- 
op
ta in in g  P-labeled  T*J DNA were incubated fo r  5 , 30, or 60 minutes and 
layered onto 5-20$ sucrose grad ients. Figure 11 shows the sedimentation
71
profiles of the reaction mixtures.
TABLE XVII
E ffect o f  Spermidine on Total arid 
Conplex Bound RNA Determination
Concentration o f  Total % cpm/ F i l t e r  Bound % cpm/ 








The low s a l t  reaction  mixtures and assay conditions were as described  
fo r  Figure 10. At the end o f  a 120 minute incubation period , the  
reaction  mixture was divided In h a lf  and spermidine was added to  one 
h a lf  to  a concentration o f 2 .5  mM. Total TCA-precipitable and membrane 
f i l t e r  retained 3h Incorporated counts were determined fo r  both halves  
from 10 p i a liq u ots as described in  the Methods sec tio n .
Ihe sedim entation p r o f ile s  o f  the 5 minutes reaction  mixtures 
with and without spermidine revealed  s im ilar  ^H-RNA peaks. The free  RNA 
appeared as a peak near the top o f  the gradient w hile the complex-bound 
RNA sedimented w ith the ^P-T4 DNA as a peak In the middle o f  the gradient. 
At 30 minutes the proportion o f  free  RNA to  conplex-bound RNA increased  
in  the reaction  mixture lacking spermidine and nearly a l l  RNA was released  
by 60 minutes. In the presence o f sperm idine, however, the proportion o f  
free  to  bound RNA increased only s l ig h t ly  from 30 to  60 minutes w hile the 
to ta l  amount o f  RNA synthesized  Increased su b sta n tia lly  (see Figure 11 
legend). These r e su lts  Indicate th at an a c tiv e  tran scrip tion  conplex i s  
present throughout the 60 minute incubation period in  reaction  mixtures 
containing spermidine but not in  reaction  mixtures lacking spermidine.
The combined r e su lts  contained in  Figures 10 and 11 suggest that r e in i t ia -
FIGURE 11
Sucrose gradient a n a ly s is  o f  reaction  mixtures (±) spermidine a t 
5 , 30, and 60 minutes o f  incubation . Reaction mixtures and assay condi­
t io n s  were as described fo r  Figure 10. (O) ^ P -T 4  DNA (<ej) , A
d e ta iled  d iscu ssion  o f  the procedure fo r  sucrose gradient a n a ly sis  i s  
presented in  the Methods se c t io n . Count data fo r  the reaction  mixtures 
were as fo llow s: low s a l t  5> 30, and 60 minutes = 729 cpm/10 p i ,  2,486
cpm/10 p i ,  and 2,673 cpm/10 p i r e sp e c tiv e ly ;  2 .5  mM sperm idine, 5 , 30 , and 
60 minutes = 842 cpm/10 p i ,  2,716 cpm/10 p i and 3,884 cpm/10 p i respec­
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t io n  occurs a t low Ion ic strength  in  the presence o f  spermidine but not 
in  i t s  absence.
The percent recovery o f  the H-RNA layered on the sucrose 
gradients was usually  85-95% and always greater than 70%. 100% o f  the
P-DNA was always recovered. A lso , the presence o f  Mg in  the gradient 
b u ffer  over a concentration range o f  0 to  4 nM had no e f fe c t  upon percent 
recovery, sedimentation behavior o f  p o lyn u cleo tid es, or r e la t iv e  propor­
tio n  o f  free  and conplex-bound RNA.
To further t e s t  these r e s u lt s ,  both membrane f i l t e r  and sucrose 
gradient an a lysis were perfoimed on the same reaction  m ixtures. Table 
XVHI presents a comparison o f data obtained from an a lysis  o f  reaction  
mixtures w ith and without spermidine. For reaction  mixtures lacking  
spermidine the membrane f i l t e r  analysis in d ica tes  an increase in  the 
proportion o f  fr e e  RNA from 19% a t 5 minutes to  62% a t 60 minutes o f  
incubation w hile showing a decrease from 81% to  38% o f  the conplex-bound 
RNA over the same time period. Analysis by sucrose gradient i s  in  good 
agreement* showing an increase o f  free  RNA from 29% to  78% and a decrease 
o f  bound RNA from 57% to  20%. The data are in  b e tter  agreement i f  the
% -counts present in  the p e l le t  are considered to  be conplex-bound RNA.
32That th is  i s  probably the case i s  suggested by the presence o f  P-counts 
in  the p e l le t .
In reaction  mixtures containing spermidine, the proportion o f  
free  to  bound RNA increases from 35% free  RNA a t 5 minutes to  50% a t  60 
minutes when analyzed by the f i l t e r  method. The conplex-bound RNA 
decreases from 6H% to  50%. Gradient an alysis in d ica tes  an increase from 




Comparison o f  N itro ce llu lo se  F i lt e r  Data 
and Sucrose Gradient Data*
5 minutes
Gradient 
F ilt e r
30 minutes
Gradient 
F ilt e r
60 minutes
Gradient 
F ilt e r
*
The percentage o f  free  and bound RNA observed in  sucrose gradients was 
determined by ca lcu la tin g  the number o f  counts represented by the area  
under the free  and bound RNA peaks and d iv id ing  by the to ta l  recovered  
3H-RNA counts. The percent o f  free  RNA was determined from the membrane 
f i l t e r  method by subtracting 3H-counts retained  by the f i l t e r  from the 
to ta l  acid  p ercip ita b le  3n-counts d ivided by to ta l  3h-counts.
The combined data strongly suggest that early  cessa tion  o f syn­
th e s is  i s  not a r e su lt  o f  the formation o f  a sta b le  RNA-enzyme-DNA conplex 
due to  the fa ilu r e  o f  the nascent RNA to  be released . Even a t low io n ic  
stren gth , where r e in it ia t io n  does not occur, newly synthesized  RNA i s  
released . Spermidine, th erefore , does not stim ulate RNA syn th esis by 
f a c i l i t a t in g  the re lea se  o f  newly synthesized  RNA from the transcrip tion  
complex. The data do n o t, however, challenge the theory that in h ib itio n  























The s iz e  o f  the product RNA has been reported by some in v estig a to rs  
(79» 10^j 122) to  be influenced  by the io n ic  strength  environment o f  the 
RNA syn th etic  reaction  mixture. To in v estig a te  the p o s s ib i l i ty  that 
spermidine and KC1 in fluence the s iz e  o f  the RNA synthesized , reaction  
mixtures containing KC1 or spermidine were subjected to  an a lysis on SDS- 
sucrose gradients (see Methods) .  The Spinco SW 27.1 rotor was se lec ted  
fo r  the an a lysis because the large length to  diameter r a t io  improves 
reso lu tion  o f  macromolecules in  grad ients.
Figure 12 shows the gradient p r o f ile s  exh ib ited  by the RNA pro­
ducts from low s a l t ,  2 .5  mM spermidine, and high s a l t  reaction  mixtures 
a fte r  a 90 minute incubation period. Four peaks are observed possessin g  
sedimentation c o e ff ic ie n ts  ranging from ju s t  under 23 S to  ju st  over 35 S. 
Count data, as cpm/10 y l  a liquots removed a t the end o f  the 90 minute 
incubation period , are presented to  show that KC1 and spermidine-mediated 
stim ulation  did occur in  reaction  mixtures analyzed by the SDS-sucrose 
grad ients. The only observable d ifferen ces between the gradient p r o f ile s  
l i e  near the top o f  the gradient where a larger  percentage o f  sm all 
molecular weight RNA i s  present in  the low s a l t  and spermidine reactions  
than in  the KC1 reaction . There i s  no evidence that larger molecular 
weight RNA tran scrip ts  are synthesized  in  the presence o f  spermidine or 
KC1. Therefore, KC1 and spermidine do not e f f e c t  the s iz e  o f  the in  
v itr o  T4 tr a n sc r ip ts .
To obtain the molecular weights o f  the four main RNA sp ecies  
observed in  the SDS-sucrose grad ien ts, the reaction  mixtures were sub­
jec ted  to  cen trifugation  on formaldehyde gradients (see Methods) a fte r  
the method o f Boedtker (97 ). Figure 13 shows that the four major RNA 
sp ecies possess molecular weights ranging from 1 x 10^ to  2 .9  x 10^,
FIGURE 12
SDS-sucrose gradient an a lysis  o f  0 KC1 (a ) , 0 .3  M KC1 (O ) , and 
2 .5  mM spermidine (O) reaction  m ixtures. The reaction  mixtures and assay  
conditions were as described fo r  Figures 10 and 11. 10 p i a liq u ots were
removed a t the end o f  the 90 minute incubation period fo r  determination  
o f t o t a l  %-UMP incorporation . The cpm/10 y l  are reported in  the in s e t .  
The remaining reaction  mixtures were treated  as described in  the Methods 
sec tio n  follow ed by cen tr ifu ga tion  o f  the 15 ml SD3 (5—30%) sucrose 
gradients in  a Spinco SW 27.1 ro to r  a t 80,900 x G fo r  10 .5  hours a t 22°. 
0 .5  ml fra c tio n s  were c o lle c te d . 16 S and 23 S rKNA was added as in te r ­
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FIGURE 13
A nalysis o f  in  v itr o  T4 tra n scrip ts  by formaldehyde-sucrose
grad ients. Reaction mixtures and assay conditions were as described
for Figure 10. 10 y l  a liq u ots were removed at 60 minutes fo r  determina-
■3
tio n  o f  t o ta l  H-UMP incorporation . The molecular weights shown are 
according to  Boedtker (97) fo r  16 S and 23 S E. c o l i  rRNA used as 
mar'kers. A d e ta iled  d iscu ssion  o f  the procedure follow ed fo r  formalde­
hyde-sucrose gradient a n a lysis  i s  presented in  the Methods sec tio n .
(A) 0 KC1, (©) 2 .5  irJVI sperm idine, (O) 0 .3  M KC1. Total %-UMP incor­
poration reported as cpm/10 y l fo r  the three reaction  conditions was:
0 KC1 = 55^ cpm/10 y l ,  2 .5  mM spermidine = 976 cpm/10 y l ,  0 .3  M KC1 = 

























ca lcu lated  according to  Boedtker, corresponding to  a range In nucleotide  
chain lengths o f  2 ,8 8 l to  8,357 n u cleo tid es. Both M ille tte  and T rotter  
(100) and Witmer (89) reported two main sp ecies o f  T4 product RNA w ith  
average chain lengths o f  4 ,300-5,000 nucleotides fo r  one and 7 , 100- 7,500 
n ucleotides fo r  the other. This agrees w e ll w ith  the chain lengths 
ca lcu lated  fo r  an average o f  the f i r s t  two and second two major peaks 
observed In Figure 13: 4,034 and 7,492 nucleotides r e sp ec tiv e ly . Again
there Is  no major d ifference In the p r o f ile s  exh ib ited  by low s a l t ,  
spermidine, or high s a l t  reaction  m ixtures.
Richardson (104) e a r lie r  showed that In the presence o f  0.2 M 
KC1, RNA polymerase Is  re leased  from the tenp late on which I t  In it ia te d  
tran scrip tion  and Is  able to  r e in it ia te  new RNA chain syn th esis  on a new 
ten p la te . That i s ,  under conditions where r e in it ia t io n  does occur, the 
enzyme d isso c ia te s  from the tenp late before I n it ia t in g  new RNA chains. 
This was shown by f i r s t  allow ing I n it ia t io n  on T4 DNA follow ed by the 
addition o f  T5 DNA a fte r  10 minutes o f  Incubation. Ihe reaction  was 
terminated 10 minutes la te r  and the product RNA was hybridized against 
the T4 and T5 DNA tem plates. The product RNA synthesized  at low io n ic  
strength conditions hybridized only to  the T4 UNA. Product RNA from 
reaction  mixtures containing 0.2  M KC1, however, a lso  hybridized to  the 
T5 or second tenp late showing that the polymerase had d isso c ia ted  from 
the f i r s t  ten p la te . These r e su lts  do n o t, however, ru le  out the p o ssi­
b i l i t y  that the polymerase I s  a lso  able to  d isso c ia te  from the tenplate  
a t low s a l t  conditions but Is  unable to  r e in it ia t e  because o f  in tera ctio n  
w ith product RNA or some other rev ers ib le  In activa tion  event preventing  
r e in it ia t io n .
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I t  was expected that the presence o f spermidine, a t  concentrations 
which would not appreciably a lte r  the io n ic  strength o f the ass,ay medium, 
would a lso  r e su lt  in  r e in it ia t io n  by the polymerase on a new ten p la te . 
Experiments sim ilar  to  those reported by Richardson were performed but 
w ith c a lf  thymus and T4 DNA. The use o f  c a lf  thymus ENA was d eliberate  
sin ce l i t t l e  s a l t  stim ulation  i s  observed with th is  ten p late (Table xy) 
and because core enzyme i s  qu ite e f f ic ie n t  in  transcrib ing i t  (33).
This was u se fu l because i t  was thought that perhaps the in a b il ity  to  
r e in it ia te  on e ith e r  T4 or T5 tenp late a t low s a l t  conditions was due 
to  a reversib le  in a ctiv a tio n  o f  sigma fa c to r . I f  th is  were the case , the 
addition  o f  c a lf  thymus ENA as the second ten p late would r e su lt  in  i t s  
tran scrip tion  by core enzyme even a t low s a l t  conditions.
Table XIX presents the r e su lts  o f  these experiments. I t  can be 
seen that when c a lf  thymus DNA and T4 DNA are present from the beginning  
o f the rea c tio n , tran scrip tion  o f  c a lf  thymus IMA i s  preferred at low 
io n ic  strength  and in  the presence o f  spermidine. With 0 .3  M KC1 p resen t, 
however, tran scrip tion  o f T4 IMA i s  grea tly  preferred. This re su lt  i s  
to  be expected fran the d if fe r e n t ia l stim ulatory response e l ic i t e d  by 
KC1 w ith T4 and c a lf  thymus DNA as previously shown in  Table XV. When 
T4 ENA i s  added as the challenger te n p la te , only 5 percent o f the 
product RNA i s  T4 s p e c if ic  at low s a l t  cond itions. The presence o f  2 .5  mM 
spermidine r e su lts  in  a 5 fo ld  increase in  the amount o f  T*J s p e c if ic  
tran scrip t produced. 0 .3  M KC1 in  the reaction  m ixture, as expected, 
a lso  increases the amount o f  product RNA synthesized  from the second 
ten p la te . The unusually large increase observed can be explained by 
considering the large preference fo r  T4 tran scrip tion  exh ib ited  in  
reaction  mixtures containing 0 .3  M KC1. When c a lf  thymus ENA i s  the
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challenger DNA, a 4 to  5 fo ld  Increase In tran scrip tion  o f the second 
template i s  observed w ith e ith e r  KC1 or spermidine in  the reaction  mix­
tu re. I t  i s  noticed  th at a t  low s a l t  con d ition s, c a lf  thymus DNA i s  
not an e f f ic ie n t  challenger in d ica tin g  that an in a ctiv a tio n  o f sigma i s  
not responsib le fo r  fa ilu r e  to  r e in it ia t e  but that the core enzyme is ,  in  
some way,reversib ly  in activa ted  under these io n ic  conditions.
TABLE XIX
R ein itia tio n
Conditions I n i t ia l  Challenger %-UMP Incorporated Fraction o f RNA
Tenplate Tenplate A fter Addition o f  Made A fter Addition
__________  ________ ___________ Second Tenplate o f  Second Tenplate:
cpm/10 p i CT % ^
Control CT + T4 — 1,422 68 32
2.5  mM SD CT + T4 — 2,832 64 36
0.3  M KC1 CT + T4 — 3,372 15 85
Control CT T4 658 95 5
2 .5  mM SD CT T4 1,302 75 25
0 .3  M KC1 Cl T4 1,525 12 88
Control T4 CT 927 4 96
2.5  nM SD T4 CT 1,653 18 82
0 .3  M KC1 
*
T4 CT 1,258 21 79
Each 0 .2  ml reaction  mixture in i t i a l l y  contained 50 mM Tris-HCl, pH 7*9;
5 mM MgCl2 j 0 .2  mM ATP, CTP, and GTP; 0.05 nM UTP; 0 .1  mM DOT, 12 pg o f  
e ith e r  T4 or c a lf  thymus DNA; and 2 .5  Pg o f  polymerase. A fter 20 minutes 
o f incubation at 3 7 ° , 16 Pg o f  a second DNA and 9.4  x 105 dpm o f 3h-UTP 
were added. Synthesis was continued fo r  an ad d ition al 60 minutes a t  
which time a 10 p i a liq u ot was removed fo r  determination o f t o ta l  3H-UMP 
incorporation. P u rifica tio n  o f  RNA and actual hybridization  follow ed , 
as described in  Methods. The amount o f  labeled  RNA remaining on the DNA 
f i l t e r s  a fte r  hybrid ization  was normalized by f i r s t  subtracting the 
counts on the blank f i l t e r  and then d iv id ing  by the e f f ic ie n c y  o f  hybri­
d iza tion  determined fo r  pure preparation o f  T4 and c a lf  thymus DNA (T4 = 
0 .2 5 , CT = 0 .0 6 8 ). The fra ctio n  o f  RNA s p e c if ic  fo r  each ten p late i s  
reported as percent o f  t o t a l .  In each case the to ta l  o f  the normalized 
value was w ith in  15 percent o f  the to ta l  amount o f  RNA added to  the 
hybrid ization  c o c k ta ils . SD = sperm idine, CT = c a lf  thymus.
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Several factors  must be taken Into consideration when In terpret­
ing these data. F ir s t ,  I t  must be rea lize d  that %-DTP Is  not added to  
the reaction  u n t il  the time o f  addition  o f  the second ten p la te . There­
fo r e , only cold  product RNA Is  made during the f i r s t  20 minutes o f  
Incubation. This r e su lts  In conpetition  between lab eled  product made 
a fte r  the addition  o f  ^H-UTP and unlabeled RNA made p rior  to  th is  time 
point for  hybrid ization  w ith the f i r s t  ten p la te . No such conpetition  
occurs fo r  hybrid ization  w ith the second ten p late s in ce  only labeled  
product Is  made from th a t ten p la te . Therefore, the presence o f  a con­
siderab le amount o f  cold  c a lf  thymus DNA product, carpeting w ith  labeled  
c a l f  thymus product, in  conjunction w ith the p re fer en tia l tran scrip tion  
o f  T4 DNA, re su ltin g  in  a large amount o f  "labeled only" T4 product RNA, 
would exp lain  the hybrid ization  r e su lts  observed in  the case where T4 
DNA i s  the challenging tenplate, in  the presence o f  0 .3  M KC1. The 
presence o f  spermidine would not g ive r is e  to  these r e su lts  s in ce  2 .5  mM 
spermidine i s  le s s  stim ulatory in  the early  part o f  the reaction  than 
KC1 and spermidine does not cause the p re fer en tia l stim ulation  o f T*J DNA 
tran scrip tion .
These considerations do not in v a lid a te  the conclusions that a 
s ig n if ic a n t ly  larger number o f  polymerase m olecules d is so c ia te  from the 
I n i t ia l  ten p late and are able to  transcribe a second "challenger" tenp late  
in  the presence o f  2 .5  mM spermidine or 0 .3  M KC1 than at low s a l t  con­
d it io n s , in  the absence o f spermidine.
Since both spermidine and KC1 appeared to  prevent early  cessa tion  
o f  RNA sy n th e s is , i t  was considered o f in te r e s t  to  see i f  these compounds 
could re s ta r t  syn th esis once the p lateau  was esta b lish ed . The experi­
ment was- conducted in  the fo llow ing  manner: a l l  tubes containing 0 .1  M
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KC1 were incubated fo r  60 minutes at which time 0 .2  ml o f 60 mM spermi­
d in e , 2 M KC1, or d i s t i l l e d  water were added to  tubes y ie ld in g  reaction  
mixtures containing 0 .1  M KC1 + 6 mM sperm idine, 0 .3  M KC1, or 0 .1  M 
KC1. Ihe resu lts ,p resen ted  in  Figure 14, shows that both 0 .3  M KC1 and 
6 mM spermidine are very e f fe c t iv e  in  immediately stim ulating  r e in it ia ­
t io n  o f  RNA sy n th e s is ,r e su lt in g  in  a 3 fo ld  stim ulation  a t 180 minutes. 
Again 6 mM spermidine + 0 .1  M KC1 and 0 .3  M KC1 alone appear equally  
e f fe c t iv e  in  stim ulating RNA sy n th es is . These experiments were con­
ducted with 0 .1  M KC1 in  the reaction  mixture to  prevent p rec ip ita tio n  
o f  the system by spermidine.
I f  the cessa tion  o f  RNA synthesis observed a t low io n ic  strength  
conditions i s  due to  product in h ib it io n  by RNA, then the addition  o f  RNA 
to  an assay mixture should in h ib it  RNA syn th esis from the beginning o f  
the assay. Table XX shows th at the addition  o f  e ith e r  E. c o l i  tRNA 
(stripped) or E. c o l l  16 S and 23 S ribosomal RNA to  the reaction  mix­
ture, p rior  to  in it ia t io n ,r e s u l t s  in  in h ib it io n . Furthermore, greater  
in h ib it io n  i s  observed when RNA i s  preincubated w ith  the polymerase than 
when the reaction  i s  s ta rted  by addition  o f  the enzyme to  a reaction  
mixture containing both ENA and RNA, in d ica tin g  that there i s  a competi­
t io n  between the DNA and RNA fo r  the polymerase.
Spermidine and KC1 reduce, to  a large measure, the in h ib it io n  o f  
syn th esis by RNA. Table XXI shows that when RNA i s  preincubated w ith  
the polym erase,in a reaction  mixture containing 0.05 M KC1, 0.05 M KC1 
+ 6 mM spermidine, or 0 .3  M KC1,followed by addition  o f  DNA to  s ta r t  the 
rea c tio n , the amount o f  in h ib it io n  i s  reduced in  reaction  mixtures con­
ta in in g  spermidine or 0 .3  M KC1. Spermidine i s  somewhat more e f fe c t iv e
FIGURE 14
Restart experiment: the 0 .2  ml reaction  mixtures o r ig in a lly
contained 50 mM Tris-HCl, pH 7 .9 ; 5 mM MgCl2 ; 1 mM ATP, CTP, and GTP;
0 .5  mM %-UTP (1 .8  x 106 dpm); 0 .1  mM DTT, 0 .1  M KC1; 15 yg T4 DNA; and 
5 yg RNA polymerase. At 60 m inutes, 0 .2  ml o f  e ith e r  60 mM sperm idine,
2 M KC1, or water was added to  separate tubes y ie ld in g  reaction  mixtures 
containing 0 .1  M KC1 + 6 mM sperm idine, 0 .3  M KC1, or 0 .1  M KC1. Incu­
bation  continued fo r  an ad d ition a l 180 m inutes. 10 y l a liq u o ts  were 
removed from each reaction  tube a t the time p oin ts in d icated  w ith  sanple 
preparation fo r  counting as described in  the Methods se c t io n . (H) 0 .1  M 







than KC1 In preventing RNA in h ib itio n  e sp e c ia lly  in  the case where E. 
c o l i  tRNA i s  added.
TABLE XX
E ffec ts  o f  the Order o f  Addition o f  RNA Polymerase 
and Tenplate on In h ib ition  by RNA
E. c o l l  tRNA (stripped) E. c o l i  16 S and 23 S rRNA
RNA
added







b it io n
RNA
added








DNA Enz ENA Enz
0 X 589 0 0 X 475 0
20yg X 461 21.7 lOtig X 287 39-5
•40yg X 292 50.4 20yg X 106 77-6
60yg X 235 60.1 40yg X 26 94.5
80yg X 176 70.1
0 X 842 0 0 X 575 0
20yg X 792 6 10yg X 375 34.7
40yg X 584 31 20yg X 434 24.5
60yg X 583 31 40yg X 370 35-6
80yg X 497 41
*
The f in a l  0 .2  ml reaction  mixture contained 50.mM Tris-HCl, pH 1.9',
5 mM MgCl2 ; 0 .2  mM GTP, CTP, and DTP* 0 .2  mM ^C-ATP (9xl04 dpm); 0 .1  nM 
HIT, 0.05 M KClj l4yg T4 DNA; 5ug RNA Polymerase; and E. c o l i  tRNA 
(stripped) or E. c o l i  l6  S and 23 S ribosomal RNA m ixture. The reaction  
was started  by the addition  o f  e ith e r  DNA or polymerase as in d ica ted , 
a fte r  a 5 minute preincubation a t room temperature o f  the reaction  
mixture lacking ENA or polymerase. 10y l a liq u o ts  were removed 50 
minutes a fte r  addition  o f  la s t  reaction  component and prepared fo r  
counting as described in  the methods.
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Table XXII shows the comparative e f f e c t  o f  KC1 and spennidine in  
overcoming in h ib it io n . In th is  experiment RNA was again preincubated  
with the polymerase, but spermidine and KC1 were not added u n t il  a fter  
the preincubation period o f  5 m inutes, i . e . ,  a t the time o f the addition  
o f DNA. Again spermidine appears to  be more e f fe c t iv e  in  overcoming RNA 
in h ib itio n  by tRNA, but both spermidine and KC1 are equally  e f fe c t iv e  
in  p a r t ia lly  overcaning in h ib itio n  by 16 S and 23 S rRNA.
TABLE XXI
E ffec ts  o f  Spermidine and KC1 in  Preventing In h ib ition  by RNA
amount o f  RNA 
added to  
0 .2  ml assay
E. c o l i tRNA (stripped)
%
in h ib it io n
E. c o l i  16 S and 23 S rRNA
%
in h ib it io n
concen­
tra tio n  
o f KC1
concen­






amount o f  RNA 
added to  
0.2  ml assay
concen­
tra tio n  
o f KC1
concen­






0 0.05M 712 0 0 0.05M 462 0
40pg 0.05M ----- 4l6 35 20pg 0.05M ----- 104 77
60pg 0.05M ----- 289 59 40pg 0.05M ----- 43 91
0 0.05M 6mM 1,773 0 0 0.05M 6mM 1,435 0
40pg 0.05M 6mM 1,708 4 20pg 0.05M 6mM 1,170 18
60pg 0.05M 6mM 1,701 4 40pg 0.05M 6mM 1,123 22
0 0.3M ----- 1,733 0 0 0.3M ----- 1,263 0
40pg 0.3M ----- 1,484 14 20pg 0.3M ----- 1,033 18
60pg 0.3M ----- 1,103 36 40pg 0.3M ----- 672 47
The f in a l  0 .2  ml reaction  mixtures were as described fo r  Table XX. 6 mM spermidine and 0 .3  M 
KOI were present during the preincubation period. The rea c tio n  was sta r ted  by add ition  o f  DNA.
TABLE XXII
E ffec ts  o f  Spermidine and KC1 in  Overcaning In h ib ition  by RNA
amount o f  RNA 
added to  
0 .2  ml assay
E. c o l i  tRNA (stripped)
concen- concen- cpm/ 
tra tio n  tra tio n  lOpl 
o f  KC1 o f  sp er- blank 
midine
E. c o l i  16 S and 23 S rRNA
in h ib it io n
amount o f  RNA 
added to
0 .2  ml assay
concen- concen- cpm/ 
tra tio n  tra tio n  10ul 
o f  KC1 o f  sp er- blank 
midine
in h ib it io n
0 0.05M ----- 675 0
40]ig 0.05M ----- 423 37
60pg 0.05M ----- 238 65
0 0.05M 6mM 1,512 0
40yg 0.05M 6mM 1,292 15
60)ig 0.O5M 6mM 1,374 9
0 0.3M ----- 1,367 0
40jig 0.3M ----- 957 30
60yg 0.3M ----- 858 37
0 0.05M ---- 552 0
20pg 0.05M ---- 202 63
40pg 0.05M ---- 52 91
0 0.05M 6mM 1,519 0.'
20yg 0.05M 6mM 1,196 21
40ug 0.05M 6mM 1,065 30
0 0.3M ----- 1,180 0
20ng 0.3M ----- 940 20
40ug 0.3M ----- 871 26
Hie f in a l  0 .2  ml reaction  mixtures were as described fo r  Table XXI. 6 mM Spermidine and 0 .3  M 
KC1 were not present during the preincubation period but were added a t the time o f  addition  o f  ten p la te .
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DISCUSSION
Previous to  th is  tim e, severa l In vestiga tors have reported s a lt  
and poly amine-mediated stim ulation  o f  ENA-dependent RNA polymerase 
a c t iv ity  iso la te d  from severa l m icrobial sources. Although a consider­
able number o f stu d ies in v estig a tin g  the e f f e c t  o f  KC1 and other mono­
valent and d iva lent s a lt s  on many aspects o f  the in  v itr o  transcrip tion  
process have been reported, much le s s  has been reported concerning the 
in fluence o f  polyamines on the in d iv idu al reaction  even ts. The e f fe c t  
o f polyandries on certa in  tran scrip tion  s te p s , fo r  example, the termina­
tio n  ev en ts , has not been d ea lt w ith d ir e c t ly  a t a l l .  A lso , a study 
adequately comparing the in fluence o f  io n ic  strength  and polyamines on 
in  v itr o  tran scrip tion  o f  a w e ll defined ENA tenp late i s  lacking. This 
study i s  an attempt to  unify sane o f  the fragmented data dealing w ith  
polyamine-mediated stim ulation  o f  in  v itr o  tran scrip tion  by studying and 
comparing the in fluence o f  KC1 and polyamines on certa in  events involved  
in  the tran scrip tion  o f a w e ll defined ten p late iso la te d  from the b acterio ­
phage T-U. Although a d e ta iled  understanding o f  the molecular b asis  o f  
action  o f  polyamines in  tran scrip tion  has n o t, as y e t ,  been r e a liz e d ,  
certa in  d e f in ite  statem ents can be made.
The polyamines spermine [HgN-CCH^-NH-CCH^jj-NH-CCHg^-NHg] 
and spermidine [H^I-(CH2 )^-NH-(CH2) -^NH2 ] are only moderately activ e  in  
stim ulating in  v itr o  tran scrip tion  o f T4 DNA at low io n ic  strength  
(Tables VI and VIII) .  These polyamines, in  the presence o f  0 .1  M KC1, 
which alone appears to  have l i t t l e  e f f e c t ,  su b sta n tia lly  stim ulate RNA 
syn thesis (Table I ) .  Spermine and spermidine-mediated stim ulation  Is
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a lso  observed a t  KC1 concentrations (0 .3  M) near the KC1 optimum 
(Tables V and V II ) . This polyamine e f f e c t  a t high KC1 concentrations 
was, at f i r s t ,  taken as evidence that polyamines in fluence tran scrip tion  
in  a manner apart from that o f  KC1. However, a comparison o f the e f fe c t  
o f  KC1 and spermidine on in d iv idu al reaction  events* required in  prevent­
ing  early  cessa tion  o f  RNA syn th esis in  no way confirmed th is  theory.
The apparent in a b il ity  o f  e ith e r  spermidine or spermine to  
su b sta n tia lly  increase in  v itr o  tran scrip tion  o f T4 ENA at low io n ic  
strength, can be traced to  the problem o f  e s ta b lish in g  the optimal polya­
mine concentration because o f  template p recip ita tion , caused by sm all 
concentrations o f  polyamines. A v is ib le  p rec ip ita te  i s  observed in  
reaction  mixtures containing 0 .4  mM spermine or 3*5 mM spermidine, 
lh a t th is  p rec ip ita te  i s  the DNA ten p late i s  confirmed by the appearance 
o f a v is ib le  p rec ip ita te  in  so lu tion s o f  ENA upon addition o f sm all 
amounts o f  e ith e r  polyamine, and the disappearance o f  the p rec ip ita te  
from reaction  mixtures containing high concentrations o f  e ith e r  polyamine 
a fte r  addition  o f DNase.
The p rec ip ita tio n  o f tenp late by polyamines i s  somewhat dependent 
upon the nature o f  the DNA. P recip ita tion  i s  most read ily  observed at 
very low polyamine concentrations w ith a high m olecular weight tenplate, 
such as T4 DNA, and i s  observed a t h igher concentrations o f  polyamines or, 
not a t a l l  as the ten p late s iz e  decreases (Table XIV).
Petersen and Kroger (79) had previously reported p rotection  o f  
c a l f  thymus DNA from p rec ip ita tio n  by spermidine by increased io n ic  
strength . S im ila r ly , no p rec ip ita te  o f  e ith e r  T4 DNA or c a l f  thymus DNA 
by even large concentrations o f polyamine has been observed in  th is  
present study at interm ediate (0 .1  M KC1) or h igh (0 .3  M KC1) s a lt  
con d ition s.
9 0
The diamines putrescine [H2N-(CH2 )ij-NH2J and cadaverine [H ^ - 
(CH2) 5-NH2] a lso  stim ulate In v itr o  RNA syn th esis on T4 DNA (Tables I I  
and IV). Both diamines prevent early  p lateauing o f RNA syn th esis and 
stim ulate tran scrip tion  in  the absence o f  KCl/but a t concentration  
optimums 300 times that o f the optimum spermine and 30 times that o f  the 
optimum spermidine concentrations. No p rec ip ita tio n  o f  the DNA ten p late  
I s  observed even a t high (120 -  150 mM) concentrations w ith these  
diaminesj and, although the presence o f  putrescine or cadaverine a lso  
stim ulates RNA syn th esis a t high KC1 concentrations, (.Tables I I I  and V) 
th ey , unlike the polyamines, show lower optimum stim ulatory concentrations 
In the presence o f  high concentrations o f  KC1 than a t low s a lt  conditions,
i . e . ,  10-30 mM versus 80-100 mM.
Mg , which a lso  has been reported to  stim ulate tran scrip tion  
(7 8 ), i s  s im ilar  to  putrescine and cadaverine w ith  resp ect to  le v e l  o f  
stim ulation  and concentration range a t both low and h igh  s a l t  cond itions.
I t  i s  convenient to  arrange these organic and Inorganic cations
Into c la sse s  w ith  resp ect to  th e ir  Influence on in  v itr o  tran scrip tion .
Class 1 i s  composed o f s a l t s  o f  monovalent cations as represented by KC1.
Class 2 i s  composed o f  both organic and Inorganic d iva len t cations as
++represented by p u tresc in e , cadaverine, and Mg . Class 3 i s  represented  
by spermine and spermidine.
The s p e c if ic ity  o f  action  o f these compounds appears to  Increase  
from Class 1 to  Class 3 as shown by th e ir  r e la t iv e  stim ulation  to  optimum 
concentration r a t io s .  A lso , w hile Class 2 and Class 3 compounds show 
stim ulation  a t e levated  KC1 concentrations, a Class 3 compound  ^ such as 
spermidine, i s  not stim ulatory a t optimum concentrations o f  a Class 2 
compound, such as Mg ,a t  e ith er  high or low KC1 concentrations (Tables 
XII and X III ) .
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The conclusion that the action  o f  polyamines on transcrip tion  
can be fu lly  understood by th e ir  contribution to  the n et io n ic  strength  
(116) appears to  be a hasty one. A large number o f  experiments have 
been performed over the past 2 years using a large number o f  T4 DNA and 
severa l RNA polymerase preparations which, in d ica te  (Figures 6 and 7) that 
polyamines stim ulate the tran scrip tion  reaction  without appreciably 
a lte r in g  the io n ic  strength o f the reaction  media. The addition o f 2 .5  M 
spermidine to  a reaction  mixture containing no KC1 increases the ca lcu lated  
io n ic  strength from 0.05 to  0.06 but r e su lts  in  a 3 fo ld  stim ulation  o f  
tran scrip tion , by 240 minutes. A lso , the addition o f 6 mM spermidine to  a 
reaction  mixture containing 0 .1  M KC1 increases transcrip tion  by 10 fo ld ,  
showing more a c t iv ity  than i s  observed at an io n ic  strength, o f  0.35  
(0 .3  M KC1), w hile increasing the ca lcu lated  io n ic  strength from 0.15 to
0 .18 . Furthermore, the addition  o f  6 mM spermidine to  a high s a lt  
reaction  m ixture, ra is in g  the ca lcu lated  io n ic  strength  from 0.35 to  0 . 38, 
r e su lts  in  a more than tw o-fold  increase in  %-UMP incorporation.
Therefore, Class 3 compounds appear to  be rather s p e c if ic  in  
th e ir  action  on tran scrip tion  in fluencing  the io n ic  strength  only s l ig h t ly  
w hile Class 2 compounds, although exh ib itin g  lower optimal concentrations 
than Class 1 compounds, do contribute s ig n if ic a n t ly  to  the io n ic  strength . 
A lso , a Class 3 conpound in  the presence o f  an interm ediate (0 .1  M) 
concentration o f a Class 1 conpound mimics the e f f e c t  observed at optimum 
concentrations o f  a Class 2 compound. Class 1 compounds appear to  be 
more general than s p e c if ic  a ffec tin g  other reaction  events such as p o ly -  
merase-DNA asso c ia tio n  (39, 48).
92
I t  has been generally  observed in  stud ies dealing w ith  polyamine- 
n u cle ic  acid  in te r a c tio n s , that the e ffec tiv en ess  o f  polyamines increase  
in  the order putrescine-spenrddine-sperm ine. With respect to  th is  order 
o f e f fe c t iv e n e s s , p a r a lle ls  can be drawn between the in fluence o f polya­
mines on in  v itro  DNA-directed ENA synthesis w ith other systems where 
enzyme-nucleic acid  in teraction s are involved such as the rep lica tio n  of 
DNA by DNA polymerase from rat brain (123), the m ethylation o f  tRNA by 
tRNA methylase (118), and the aminoacylation o f  tRNA by aminoacyl-tRNA 
synthetases (119).
Although polyamines are known to  bind to  n u cle ic  acids (124-129) 
and in fluence th e ir  thermal s ta b i l i t y  (120, 125-129), conformational 
s ta te  (120), and s o lu b ili ty  (.79); the exact nature o f  th e ir  in fluence on 
p rotein -n u cle ic  acid in tera ctio n  i s  not c lea r . I t  i s  suggested, however, 
that the molecular structure o f  the cation  i s  important s in ce  the e f fe c ­
tiven ess o f  these organic cations vary w ith  the number o f  methylene 
groups and charge^ in d ica tin g  that the in fluence o f  d iffere n t organic 
and inorganic cations should not be generally  categorized as a simple 
ca tion ic  or io n ic  strength e f f e c t .
K inetic an alysis (Figures 8 and 9) o f  in  v itr o  T4 transcrip tion  
show l i t t l e  stim ulation by KC1 or spermidine a t early  tim es. Admittedly, 
these experiments t e l l  very l i t t l e  about the e f f e c t  o f  polyamines on the 
a sso c ia tio n , in i t ia t io n ,  or chain elongation  events. They do, however, 
a fte r  a comparison with the e f f e c t  o f  polyamines on the o v era ll trans­
crip tion  rea c tio n , in d ica te  that i t  i s  the term ination events which are 
most in fluenced by polyamines. D etailed  stud ies o f  the e f fe c t s  o f  poly­
amines on the a sso c ia tio n , in i t ia t io n ,  and elongation  events have not 
been reported but are c lea r ly  ca lled  fo r .
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Since the ra te  o f  in i t ia t io n  and elongation  are not important 
factors in  stim ulation  o f  in  v itr o  tran scrip tion  a t la te r  tim es in  the 
reaction  i f  r e in it ia t io n  f a i l s  to  occur, and since the spermidine e f fe c t  
i s  much more pronounced at la te r  times in  the RNA syn th etic  rea c tio n , i t  
was f e l t  that a study and comparison o f the e f fe c t s  o f  KC1 and spermi- 
dine on certa in  term ination events should be undertaken.
I t  has been generally  -accepted th at fa ilu r e  o f  the RNA polymerase 
to  r e in it ia te  i s  a r e su lt  o f  the fa ilu r e  o f  nascent RNA to  be released  
from the tran scrip tion  complex, w ith the formation o f  a ternary complex 
o f RNA-enzyme-DNA (.23, 37, 89, 9*0, although some in v estig a to rs  have 
reported re lease  a t  low io n ic  strength  (82, 100, 101). Since RNA had 
been reported to  be released  a t increased io n ic  strength  w ith KC1 (23,
89, 9*0, i t  was f e l t  that spermidine would a lso  f a c i l i t a t e  re lea se  o f  
nascent RNA from the tran scrip tion  complex and that th is  might be the 
mechanism o f polyamine-mediated stim u lation . N itro ce llu lo se  f i l t e r  
analyses (Figure 10) o f  the reaction  mixtures, w ith and without spermidine, 
revea l that nascent RNA i s  released  under both conditions even a t low 
io n ic  strength (0 .0 5 ) . Thus the fa ilu r e  o f  nascent RNA to  be released , 
resu ltin g  in  the formation o f  an in a ctiv e  ternary tran scrip tion  complex, 
i s  not responsib le fo r  early  cessa tion  o f  RNA sy n th esis.
Since these r e su lts  were not consistan t w ith the generally  
accepted view of"plateau kinetics", sucrose gradient a n a lysis  (Figure 11) 
o f  reaction  mixtures w ith and without spermidine were a lso  performed. 
Again, re lease  o f  RNA was observed ht low io n ic  stren gth  in  the absence 
o f spermidine. Furthermore, when the same reaction  mixture was analyzed 
by both methods, the agreement was su rp risin g ly  good (Table XVII). There 
appears to  be l i t t l e  d ou bt.th at, a t le a s t  w ith th is  system, nascent RNA
94
i s  re leased  from the tran scrip tion  complex.and, th erefore , spermidine- 
mediated stim ulation  i s  not due to  f a c i l i t a t io n  o f  nascent RNA re lea se .
I t  can be suggested, from these stud ies, that r e in it ia t io n  occurs 
in  the presence o f  2 .5  mM spermidine sin ce the amount o f  to ta l  RNA i s  
found to  increase w hile the amount o f  complex bound RNA remains constant 
a fte r  30 minutes (figu re  10). Furthermore, a large q u an itity  o f  RNA i s  
present in  the tran scrip tion  complex (Figure 11) in  reaction  mixtures 
containing 2 .5  mM spermidine a t times when most o f  the RNA i s  released  
in  the absence o f  spermidine, in d ica tin g  the presence o f  an a c tiv e  trans­
cr ip tion  complex. Whether the polymerase i s  f r e e , complexed w ith the DNA 
or w ith  the RNA once the p lateau  has been estab lish ed  cannot be deter­
mined from these experiments.
I t  i s  unclear why re lea se  o f  nascent RNA i s  observed by some
*t*+in v estig a to rs  and not by o th ers. However, i t  i s  known that Mg in  the 
gradient b u ffer  over a concentration range o f  0 to  4.0 mM, has no e f fe c t  
on the gradient a n a ly s is , and spermidine (Table xyil) has no e f f e c t  on 
determination o f  complex bound or to ta l  %-RNA by n itr o c e llu lo se  f i l t e r  
a n a ly s is .
Spermidine-mediated stim ulation  i s  not a r e su lt  o f  the syn th esis  
o f larger RNA m olecules sin ce the s iz e  o f  the T4 DNA tra n scr ip ts  i s  found 
not to  be a ffe c te d  by io n ic  strength  or the presence o f  spermidine, as 
determined by SDS-sucrose gradients (Figure 12) or formaldehyde-sucrose 
gradients- (Figure 13). Ihe molecular weights o f  the tran scrip ts  deter­
mined from the formaldehyde-sucrose gradient an alysis agree w e ll with  
those reported by other in v estig a to rs  (89, 100).
Spermidine i s  a lso  e f fe c t iv e  in  allow ing the polymerase to  r e in i­
t ia t e  on a tenp late other than the one i t  o r ig in a lly  in it ia te d  on (Table XIX).
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This experiment d ire c tly  shows that r e in it ia t io n  occurs in  the presence 
o f 2 .5  mM spermidine a t a calcu lated  io n ic  strength o f  0.06 as w e ll as 
in  the presence o f KC1 a t an io n ic  strength  at which the term ination  
fa c to r , rho, i s  reported not to  be e f fe c t iv e  (82, 102, 110)„. I t  would 
be o f  in te r e s t  to  determine whether 2 .5  mM spermidine, in  a low s a lt  
reaction  mixture, would provide an environment in  which rho-mediated 
term ination and re lea se  o f  RNA can occur as w e ll as r e in it ia t io n . That 
low concentrations o f  spermidine may provide such an environment, i s  
suggested by the fa c t  that 2 .5  mM spermidine i s  aB e f fe c t iv e  as 0 .3  M 
KC1 in  allow ing r e in it ia t io n  without appreciably a lter in g  the io n ic  
strength .
I t  i s  unclear how RNA in h ib its  the tran scrip tion  reaction , b u t, 
as d iscussed  p rev iou sly , the fa ilu r e  to  re lea se  nascent RNA frcm the 
tran scrip tion  complex can be ruled out.
I t  i s  very p o ssib le  that the product RNA reversib ly  in a ctiv a tes  
the polymerase by conpeting w ith the DNA fo r  the same binding s i t e  or by 
binding to  a s i t e  which r e su lts  in  a l lo s te r ic  in a ctiv a tio n  o f  polymerase 
a c t iv i ty ,  thus preventing r e in it ia t io n . This theory i s  supported by the 
observation o f  polymerase-RNA complex formation (3 6 ), o f  in h ib it io n  o f  
RNA syn th esis by addition  o f  exogenous RNA to  the reaction  m ixture, (36, 
39, 46-48, 51) and displacement o f  native DNA by tRNA from conplexes 
w ith the polymerase (48 ). That there i s  indeed a con p etition  between 
RNA and ENA fo r  a binding s i t e  on the polymerase i s  shown by Table XX.
A comparative study o f  KC1 and spermidine in  preventing and over­
coming in h ib itio n  by addition o f  exogenous RNA (Tables XXI and XXII) 
shows that both are e f fe c t iv e  in  preventing or overcaning in h ib it io n  by 
16 S and 23 S rRNA or tRNA. In most ca ses , 6 mM spermidine appears more
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e f fe c t iv e  than 0 ,3  M KC1 again showing that spermidine i s  s p e c if ic  in  
i t s  action  and does not act by i t s  contribution to  the net io n ic  strength  
o f  the medium. Spermidine a lso  allows r e in it ia t io n  and, presumably, 
overcomes product in h ib it io n  a fte r  i t  i s  w e ll estab lish ed  (Figure 14) in  
a manner comparable with 0 .3  M KOI.
One puzzling aspect o f  th is  study has been the apparent depen­
dence o f  the cation  m ediated-stim ulation upon the nature o f  the ten p la te . 
The presence o f 0 .3  M KC1 in  a reaction  mixture containing T4 or T7 ENA 
(Table XV) r e su lts  in  a dramatic stim ulation  o f ENA sy n th es is , but only 
modest stim ulation  i s  observed with c a lf  thymus DNA, E. c o l l  ENA, or 
poly [d(A-T)]. Spermidine, (Figure XIV) a t  low s a l t  co n d itio n s ,is  le s s  
e f fe c t iv e  than 0 .3  M KC1 w ith respect to  maximum stim ulation  o f  trans­
crip tion  o f  the other three tem plates. A lso , when the template i s  
protected  from p rec ip ita tio n  by spermidine, by interm ediate concentrations 
(0 .1  M) o f  KC1, T4 tran scrip tion  i s  dram atically stim ulated w hile c a lf  
thymus ENA i s  transcribed  to  a degree s im ila r  to  th at observed w ith 2 .5  mM 
spermidine alone (Table XVI). In ad d ition , when 6 mM spermidine i s  pre­
sent w ith 0 .3  M KOI, tran scrip tion  o f  c a l f  thymus DNA i s  reduced to  the 
le v e l  observed when 0 .3  M KC1 i s  present a lone. I t  i s  in te r e st in g  that 
the action  o f  these monovalent and polyvalent cations in  stim ulating  
tran scrip tion  o f  these templates i s  n oticab ly  sim ilar  to  the influence  
of sigma factor  in  stim ulating the tran scrip tion  o f  these same templates 
by the core enzyme G 3 ). Ihe s ig n ifica n ce  o f  th is  observation i s  not 
yet c lea r .
This study has shown that polyamine-mediated stim ulation  o f  in  
v itro  RNA synthesis i s  not a r e su lt  o f the contribution o f the polyamine
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to  the net io n ic  stren gth , f a c i l i t a t io n  o f re lease  o f  nascent ENA from 
the tran scrip tion  complex, or syn th esis o f  larger molecular weight trans­
cr ip tio n  products. Although polyamines are stim ulatory a t optimal KC1 
concentrations, there appears to  be l i t t l e  d ifferen ce in  the e f f e c t  o f  
e ith e r  KC1 or spermidine on r e in it ia t io n ,  product ENA s iz e ,  or r e s ta r t  
o f  the reaction  once the p lateau phase has been esta b lish ed . Spermidine 
does appear to  be more e f fe c t iv e  in  preventing and overcoming in h ib itio n  
by exogenous ENA.
Based on these r e s u lt s ,  the most a ttra c tiv e  explanation o f  polya-  
mine-mediated stim ulation  o f in  v itr o  tran scrip tion  i s  that polyamines 
are sp e c if ic  in  preventing or overcoming the rev e rs ib le  in a ctiv a tio n  o f  
the ENA polymerase, by product ENA, thereby allow ing r e in it ia t io n  to  
occur. The in a ctiv a tio n  by product ENA i s  probably due to  the conpeti­
t io n  w ith DNA fo r  binding s i t e s  on the polymerase or an a l lo s t e r ic  e f f e c t  
r esu ltin g  from a sso c ia tio n  o f  the polymerase w ith ENA. The apparent 
a b il i ty  o f  polyamines, in  the presence o f  a p rotecting  concentration o f  
monovalent ca tio n s , to  stim ulate ENA syn th esis  to  a greater extent than 
high  concentrations o f  KC1 may be traced to  the s p e c if ic  action  o f  
polyamines as opposed to  the general m ilieu -a lter in g  action  o f large  
s a lt  concentration, which may hinder certa in  reaction  events G 9 , 48).
The in a b il ity  to  make d e fin ite  pred iction s o f  the in  vivo action  
o f organic and inorganic cations on ENA sy n th es is , based on evidence gained 
by in  v itr o  s tu d ie s , i s  apparent because o f  the d if f ic u lty  in  determining 
the concentrations o f  these cations in  sp e c if ic  areas o f the c e l l ,  the 
in flu en ce o f  a c tiv e  and in tr a c e llu la r  transport, and the in fluence o f  
other c e l l  con stitu en ts on the action  o f  these io n s . That polyamines do 
play a ro le  in  the in  v ivo  ENA syn th esis i s  supported, however, by many
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In v ivo stu d ies im plicating  them, in  both a d irect and in d irec t .manner, 
w ith  control o f  RNA sy n th e s is . Hie day when eyidence ohtained from 
both in  v ivo  and in  V itro stu d ies  can be consolidated Into a lu c id  model 
adequately describ ing the ro le  o f  polyamines in  ENA syn th esis remains 
in  the fu ture.
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